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ABSTRACT

Intraslope basins, or minibasins, are important morphological features of the
continental slope in both modern and ancient sedimentary systems. Minibasins have an
elliptical or spherical shape with a steep inlet or proximal zone followed by an almost
horizontal basin floor, and an overflow zone near the downstream basin lip. These basins
are filled with sediment transported by successive events of turbidity currents and other
types of submarine flows. The work presented here focuses on turbidity current
sedimentation in intraslope minibasins, which is often described in terms of the ‘fill-andspill’ conceptual model. The ‘fill-and-spill’ model has been used previously to describe the
process by which the minibasins are filled creating sand rich deposits that constitute prime
targets for hydrocarbon exploration. The objective of this study is to understand how the
shape and the grain size distribution of the deposit changes with the characteristics of the
turbidity current and the morphology of the basin-floor topography of the area. The flow
characteristics, i.e., velocity and concentration in both the vertical and longitudinal
directions, and the grain size distribution of the deposit are investigated at the laboratory
and field scale in two and three dimensions. A stratigraphic model was implemented within
a 3D numerical modeling system of turbidity currents by accounting for storage and access
to the grain size distribution of the deposit. A Morphological Acceleration Factor
(MORFAC) for morphodynamic upscaling was also implemented to reduce computational
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costs. The model was validated at laboratory scale against available 2D and 3D data from
experiments conducted in constant width flumes and 3D minibasins. The model prediction
showed a satisfactory agreement between measured and simulated deposit geometries,
vertical profiles of suspended sediment concentration and spatial distributions of sediment
sizes in the deposit. The field-scale application involving the present seafloor bathymetry
of the Brazos-Trinity system in the Gulf of Mexico showed that deposition in intraslope
minibasins varies depending on the current magnitude and duration, and the geometric
configuration. The field-scale simulations were performed on two linked minibasins. Most
of the sediment deposited in the upstream basin and the rest was transported to the
downstream basin through submarine canyons. The deposition in the downstream basin
was characterized by current reflection of the downstream flank and preferential deposition
of sediment in the proximal and central parts of the basin. Model runs conducted to study
the effect of MORFAC demonstrated small values of MORFAC from two to five could
capture bed evolution and stratigraphic architecture of the deposit, while large values of
MORFAC could only capture the overall trend of the deposition process. Thus, caution
should be exercised in the choice of the proper MORFAC value.
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CHAPTER 1
INTRODUCTION

1.

YESY

Turbidity currents are a class of sediment gravity flows where turbulence is the
dominant mechanism for grain support. They are sediment-laden underflows characterized
by higher sediment concentration compared with the ambient water. Turbidity currents
play an important role in moving coarse and fine-grained material from the margins to the
deep part of oceans (Bouma, 1981; Bouma, 1982; Normark et al., 1993; Kneller and
Buckee, 2000), and they are responsible for a range of morphological features on the
seabed. For example turbidity currents are responsible for carving deep submarine canyons,
carrying sediments far into the ocean and reservoirs, forming expansive submarine fans by
silicoclastic sediment deposition. As they decelerate, the turbidity currents leave deposits
characterized by a predictable geometry and internal structure (e.g., Bouma 1962; Lowe
1982; Mutti 1992). For these reasons, turbidity currents are of interest to geologists and
oceanographers as well as civil, petroleum and ocean engineers.
Turbidity currents on the continental slope of the Gulf of Mexico have created
interesting morphological and stratigraphic records. As turbidity currents move into the
deep ocean they can meet counter or lateral slopes (e.g., Kneller et al. 1991; Haughton
1994; Winker 1996; Sinclair 2000; Al Ja’Aidi et al. 2004; Amy et al. 2004; Jobe et al.

1

2012), and when the topography is of the same scale or more significant than the current
thickness it interacts with it (Bursik and Woods 2000; Alexander and Morris 1994, Van
Andel and Komar 1969). A distinct aspect of deep-water sedimentation in the BrazosTrinity depositional system located offshore Texas (e.g., Suter and Berryhill, 1985;
Winker, 1996; Beaubouef and Friedmann, 2000), is the presence of intraslope minibasins
or basins (Bryant et al., 1990; Bouma and Bryant, 1994; Diegel et al., 1995) that have
trapped thick sediment layers, some of which contain sand bodies with excellent
hydrocarbon reservoir properties (Mahaffie 1994; Holman and Robertson 1994; Badalini
et al. 2000).
Minibasins in the Gulf of Mexico
The Brazos-Trinity system is a point-source, linked series of intraslope minibasins,
late Pleistocene sediment gravity flow depositional system (Suter and Berryhill, 1985;
Abdulah, 1995; Anderson et al., 1996; Winker, 1996). The system is located between 150
and 1,450 m water depth, and it consists of onlap-fill successions in three minibasins (Basin
I, II and IV) and a graben (Basin III). A deeply incised channel connects Basin I with Basin
II and III (Winker, 1996; Beaubouef and Friedmann, 2000; Pirmez et al., 2000). The updip
basins (I-III) are filled to the spill point, whereas the most downdip (IV) is still underfilled.
Basin II is located 20 km downstream of Basin I with water depth ranges between 660 m
and 993 m (Satterfield and Behrens, 1990; Winker, 1996; Beaubouef et al., 1998; Badalini
et al., 2000; Beaubouef and Friedmann, 2000; Beaubouef and Abreu, 2006). Basin III, a
graben, with water depth ranges between 892 m and 1,267 m, is located east of Basin II,
and it captured the drainage from Basin II during the formation of the eastern channel
connecting Basin II with Basin IV (Winker, 1996; Badalini et al., 2000; Beaubouef and
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Friedmann, 2000). The morphology of the eastern channel changes rapidly as it enters the
basin to a complex of low-relief channels; and a western channel, shallow and with rough
topography, connects the distal part of Basin II to the proximal part of Basin IV by
following a straight path. The western channel becomes deeply incised in the area between
Basins II and IV, and it does not show connections with other channels (Badalini et al.,
2000). The most distal basin (Basin IV) has a water depth ranging between 1,102 m and
1,479 m and it is underfilled (Satterfield and Behrens, 1990; Winker, 1996; Beaubouef et
al., 1998; Badalini et al., 2000; Beaubouef and Friedmann, 2000; Beaubouef and Abreu,
2006; Mallarino G. et al., 2006). The dimensions of these basins range between kilometers
to tens of kilometers. Only Basins II-III-IV are considered in this study.
Turbidity current and sedimentation in minibasins
A conceptual model has been developed to describe how turbidity currents fill
minibasins and it is called ‘fill-and-spill’ model (Winker 1996, Prather et al. 1998, Toniolo
et al. 2006). First, the turbidity current must reach the continental shelf and then the
minibasin system. When the turbidity current enters an empty minibasin, it reflects on the
distal flank creating an upstream migrating bore (Kneller et al., 1991; Edwards, 1993). A
sharp interface separates the clear water above from the turbidity current when the duration
of the flow is longer than the timescale for the migrating bore eventually stabilizes, and in
the case that the downstream flank of the minibasin is high enough (same order of the flow
depth) to create an obstacle for the current (Rottman et al., 1985; Woods et al., 1998). At
this stage, a zone characterized by highly Froude-subcritical flow within the basin develops
(ponded zone) and sediments are deposited at a lower elevation with respect to the
lowermost point of the basin (spill point, ponded deposit). In phases in which sedimentation
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exceeds subsidence, the thickness of the ponded deposit increases, the space between the
minibasin floor and the spill point decreases, and the turbidity currents eventually overspill
(Sinclair and Tomasso, 2002). At this stage the depositional pattern changes with
preferential sediment deposition in the proximal part of the minibasin and the formation of
what is called a perched apron (Prather et al., 1998; Booth et al., 2000; Prather, 2000; e.g.,
Booth et al., 2003; Prather, 2000; Pirmez et al., 2012; Prather et al., 2012; Bohn et al.,
2012).
Field studies
One approach to study the minibasins filling process and understand the mechanism
of transporting coarse clastic sediment to the basin far downdip of the shelf edge, is the
analysis of the modern seafloor and the first few hundred meters below, using conventional
exploration data, e.g., acoustic images of the bathymetry, cores, 2D and 3D seismic
analysis, and well logs (Damuth et al. 1983; Malinverno et al. 1988; Bouma and Bryant
1994; Gardner et al. 1996; Winker 1996; Liu and Bryant 2000; Pirmez et al. 2000; Badalini
et al. 2000, among many others).
Suter and Berryhill (1985) first described the presence of four minibasin in offshore
Texas, and Winker (1996) described the system as a structurally ponded fan (Basin I-IIIV, and a graben-III) where each basin is filled with onlapping deposits, and that only Basin
I-III are filled to their topographic spill point in a progressive basin-ward direction (‘filland-spill’ model). The basins are found filled during the same period (Badalini et al. 2000)
with coarse fractions (sand) retained preferentially in the updip part while fine material
(mud) overspills and fills the minibasin downstream. Sand fraction can bypass the updip
areas and be transported with the mud accumulated laterally on the levees in the presence
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of channels that connects subsequence minibasins (Winker, 1996; Badalini et al., 2000;
Beaubouef and Friedmann, 2000) and supply sediments to the next minibasin downslope
(Holman and Robertson 1994; McGee et al. 1994; Winker 1996).
Prather et al. (2000) used a stratigraphic model and calibrated the depositional
process of the minibasin in the Gulf of Mexico, defining the accommodation spaces across
the slope and its stratigraphic architecture. The sedimentary fill process of the basin
generally develops in three subsequent stages that, in order, are a) a ‘ponded’ fill stage, b)
a ‘perched’ fill stage, c) a complete bypass stage (Beaubouef and Friedmann, 2000). The
terms of ‘ponded aprons’, for deposit created below the geometric spill point of the basin
during the first phases of the filling process, and ‘perched aprons’ for those located above
the spill point, characterized by the presence of bypass channels and knick-points have
been introduced. The ponded aprons have been further distinguished by Prather et al.
(2012) in ‘low-relief’ ponded apron for those with a maximum thickness at the center of
the basin, and ‘high-relief’ ponded aprons for the deposits that are in the ponded
accommodation space of the basins, but have maximum deposit thickness at the updip part
of the basin.
Experimental modeling
More recently, experimental and numerical modeling has been conducted to
understand the dynamics of turbidity currents in minibasins. The process of deposition in
a minibasin is not directly observable in the field. It can, however, be modeled at laboratory
scale.
Lamb et al. (2004) investigated the relationship between the dynamics of turbidity
currents and the architecture of the deposit in a minibasin. In the case of sustained turbidity
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currents, the ponded zone was located between either the headgate or a hydraulic jump,
and the downstream lip. Lamb et al. (2006) investigated the trapping efficiency of a ponded
zone and found that concentration and the geometric mean of the suspended sediment in
the ponded zone vary only weakly in the ponded zone creating a weak pattern of
downstream fining of the deposit. By upscaling their results, Lamb et al. (2006) concluded
that many intraslope minibasins should trap most of the incoming sediment. Violet et al.
(2005) did experimental work on a 3D model of subsiding minibasin. They made an
interesting observation of the morphology of the deposit. The resulting deposit in their
experiment was predominantly aggradational, but erosion occurred in the proximal and
medial zone. They observed the formation of current ripples and post-depositional
sediment deformation. Toniolo et al. (2006a) developed a theory to describe the sediment
deposition in minibasin of ponded turbidity currents with uniform sediment size, that has
been tested experimentally and numerically (Toniolo et al., 2006b). As the concentration
in the ponded zone should be constant in the streamwise direction, the deposit should be
spatially uniform in the streamwise direction.
Numerical modeling
Numerical modeling is used for a more in-depth understanding of the characteristics
and features of the phenomenon, without facing some of the experimental limitations, e.g.,
cost, the time required to design and conduct the experiments and scale issues, allowing to
explore a wide range of conditions (flow, geometry, sediment). Beaubouef et al. (2003a-b)
simulated a turbidity current to highlight the significant differences in the depositional
process during both, the ‘ponding’ and the ‘perched’ phase of the basin filling. They
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observed that internal controls, i.e., bathymetry, affect the positions, extension, and pattern
of the deposit.
A layer-integrated model has been developed by Toniolo et al. (2006b) to describe
the sediment deposition inside the minibasins. The layer-integrated model does not provide
information on the vertical structure of the flow field. To overcome the limitations of layerintegrated and depth-averaged models, Khan and Imran (2008) developed a twodimensional numerical vertical-structure-resolving model of turbidity currents to illustrate
the dynamics of the flow as well as morphological effects when a turbidity current enters
two minibasins in series, both at experimental and field scale.
Long-term prediction of sediment transport and morphology is critical to
understand the evolution of the morphology and the stratigraphy of submarine minibasins.
The numerical simulation of three-dimensional field scale geometry, however, can be
computationally expensive. One of the key issues in long-term modeling is to bridge the
gap between the short-term hydrodynamics (timescale varies from hours to days) and the
morphological changes, taking place over a very long period. For this reason, the model
used in this study has been implemented with a Morphological Acceleration Factor that
enables the morphology to evolve at a faster rate.
Objective
The primary focus of this research is to simulate turbidity currents at a laboratory
scale for validation, and then apply the validated model to the cases of field-scale
simulation of minibasins in the Gulf of Mexico to study the velocity and concentration
field, and the morphology and grain size distribution of the sediment deposits. The results
of this work will allow us to (a) understand how the shape and the grain size distribution
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of the deposit changes according to the characteristics of the turbidity current entering the
system and the morphology, geometry, and basin-floor topography of the area; (b)
investigate the flow characteristics (velocity and concentration) and how the flow develops
in both vertical and longitudinal directions inside minibasins, and (c) compute the grain
size distribution of the deposit. Subsidence is not considered in this study.

8

CHAPTER 2
2D AND 3D NUMERICAL MODEL

2.

YESY

Huang et al. (2005, 2007) developed a numerical model (TC-SOLVER) for
turbidity currents with a deforming bottom boundary that can predict the vertical structure
of the flow and sediment deposition and erosion under a wide variety of boundary
conditions. The model, developed in-house at the University of South Carolina, is used to
study the evolution of turbidity currents. The model uses a multiphase approach, and it
solves the Reynolds-Averaged Navier-Stokes (RANS) equations for a suspension along
with a mass conservation equation for solute as well as sediment mixture. A finite-volume
scheme is used to discretize the governing equations on a structured non-orthogonal grid,
which updates according with the deposit and entrainment rate of the sediment at every
time step.
The Ashida and Michiue (1972) relation is used for bedload transport, and the
Smith and McLean (1991, 1992) formulation is used for the suspended sediment. The grid
can deform and adjust in response to sediment deposition and entrainment. An entrainmentdeposition rate is used to address the moving bed boundary. The bed evolution is modeled
by solving the Exner equation for individual grain size classes. The buoyancy-modified kε model is used for turbulence closure.
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2.1. GOVERNING EQUATIONS
The Reynolds-averaged Navier-Stoke equations for mass and momentum
conservation for a flow driven by a density difference due to sediment in suspension or a
solute are:
𝜕(𝜌𝑢𝑖 )
=0
𝜕𝑥𝑖
𝜕(𝜌𝑢𝑖 ) 𝜕(𝜌𝑢𝑖 𝑢𝑗 )
𝜕𝑝
𝜕
𝜕(𝑢𝑖 )
̅̅̅̅̅̅̅
+
=−
+
(𝑢
− 𝜌𝑢′
𝑖 𝑢′𝑗 ) + (𝜌𝑠 − 𝜌)𝑐𝑔𝑖
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑗 𝜕𝑥𝑗
𝜕𝑥𝑖
where 𝑢𝑖 , 𝑢𝑗 = Reynolds-averaged velocities in the coordinate direction (𝑥𝑖 , 𝑥𝑗 )
respectively, p = Reynolds-averaged pressure, 𝜌𝑠 = sediment density and 𝜌 = the water
density, 𝑐 = Reynolds-averaged concentration of the solute or sediments, 𝑔𝑖 = acceleration
′ 𝑢 ′ ) can be modeled as:
̅̅̅̅̅̅̅
of gravity. The Reynolds stresses (−𝜌𝑢
𝑖 𝑗

𝜕(𝑢𝑖 ) 𝜕(𝑢𝑗 )
3
′ ′
̅̅̅̅̅̅
𝜌𝑢
+
) − 𝜌𝑘𝛿𝑖𝑗
𝑖 𝑢𝑗 = 𝜇𝑡 (
𝜕𝑥𝑗
𝜕𝑥𝑖
2
where 𝛿𝑖𝑗 = Knonecker delta, 𝜇𝑡 is the eddy viscosity obtained from:
𝜇𝑡 = 𝐶𝜇 𝜌

𝑘2
𝜀

𝐶𝜇 = constant of the 𝑘 − 𝜀 model, 𝑘 = turbulent kinetic energy, and 𝜀 = turbulent energy
dissipation rate. The transport equations for 𝑘 and 𝜀 are:
𝜕(𝜌𝑘) 𝜕(𝜌𝑢𝑗 𝑘)
𝜕
𝜇𝑡 𝜕𝑘
+
=
[(𝜇 + )
] + 𝐺𝑖𝑗 − 𝜌𝜀 + 𝐺𝑏
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑗
𝜎𝑘 𝜕𝑥𝑗
𝜕(𝜌𝜀) 𝜕(𝜌𝑢𝑗 𝜀)
𝜕
𝜇𝑡 𝜕𝜀
𝜀
+
=
[(𝑢 + )
] + 𝐶𝜀1 (𝐺𝑖𝑗 + 𝐺𝜀3 𝐺𝑏 )
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑗
𝜎𝜀 𝜕𝑥𝑗
𝑘
where the generation term is express as:
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′ ′
̅̅̅̅̅̅
𝐺𝑖𝑗 = −𝜌𝑢
𝑖 𝑢𝑗

𝜕𝑢𝑖
𝜕𝑢𝑖 𝜕𝑢𝑖 𝜕𝑢𝑖
= 𝜌𝑣𝑡 (
+
)
𝜕𝑥𝑖
𝜕𝑥𝑗 𝜕𝑥𝑖 𝜕𝑥𝑗

and the buoyancy term (rate of work done against buoyancy forces by turbulent motion)
is:
𝐺𝑏 = −𝑔𝑖

𝑣𝑡 𝜕𝜌
𝜎 𝜕𝑥𝑖

𝑣𝑡 = kinematic eddy viscosity, and the model uses the Rodi (1984) standards values of
turbulence (𝐶𝜇 = 0.09; 𝐶𝜀1 = 1.44; 𝐶𝜀2 = 1.92; 𝜎𝑘 = 1.00; 𝜎𝜀 = 1.30; 𝜎 = 0.85)
The coefficient associated with the buoyancy term is calculated according to
𝑢

Henkes et al. (1991) 𝐶𝜀3 = tanh |𝑢2 | where 𝑢1 , 𝑢2 are the local horizontal and vertical
1

component respectively. The eddy viscosity is calculated as follow where 𝐶𝜇 in an
empirical constant having a value of 0.09:
𝜈𝑡 = 𝐶𝜇

𝑘2
𝜀

The mass conservation equation for solute or suspended sediment load, as a
function of the Reynolds averaged concentration 𝑐 is:
𝜕(𝜌𝑐) 𝜕(𝜌𝑢𝑗 (𝑢𝑗 − 𝑣𝑠 𝛿𝑗2 )𝑐)
𝜕
𝜇𝑡 𝜕𝑐
+
=
[(𝜌𝐷𝑚 +
)
]
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑗
𝑆𝑐𝑡 𝜕𝑥𝑗
where 𝛿𝑗2 is the Knonecker (2 indicating the opposite direction of gravity); 𝐷𝑚 is the
diffusion coefficient and 𝑆𝑐𝑡 the turbulent Schmidt number.
The Exner equation for bed sediment continuity is:
(1 − 𝜆)

𝜕𝑦
=𝐷−𝐸
𝜕𝑡

where y is the bed elevation, λ is the sediment porosity, assumed as constant and set equal
to 0.5 during the simulation, D and E are the sediment deposition and entrainment rate. In
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the case of mixtures, considering the contribution of a grain size i characterized by a
fraction Fi on the bed level change yi, the Exner equation would take the form of (Huang
et al., 2001):
𝜌𝑖 (1 − 𝜆)

𝜕𝑦𝑖
= −∇ ∙ (𝜌𝑖 𝐹𝑖 𝑞⃗𝑖 ) + 𝜌𝑖 𝐷𝑖 − 𝜌𝑖 𝐹𝑖 𝐸𝑖
𝜕𝑡

The variation of the bed elevation (term on the left-hand side) is equal to the sum
of the net bedload flux, the deposition due to suspension and the entrainment of sediment
from the bed. At each time step, once the flow and concentration fields are solved, the
model computes the contribution to the change in bed elevation by each grain size class,
and the sum for all size classes would give the total bed level change for that time step.
The sediment deposition rate is a function of the fall velocity of the sediment particles,
estimated by Dietrich’s empirical equation (Dietrich, 1982) and the near bed concentration
as:
𝐷𝑖 = 𝑣𝑠𝑖 𝑐𝑏𝑖
The entrainment rate for sediment in suspension is computed using the Smith and
McLean (1977) formulation in the case of uniform material:

𝐸 = 0.65 𝛾0

𝜏
(𝜏𝑏𝑠 − 1)
𝑏𝑐

𝜏
[1 + 𝛾0 (𝜏𝑏𝑠 − 1)]

,

𝛾0 = 0.0024

𝑏𝑐

with 𝜏𝑏𝑠 the bed shear stress due to skin friction and 𝜏𝑏𝑐 the critical bed shear stress. In the
case of mixtures (McLean 1991, 1992), the dimensionless rate of entrainment of bed
sediment from the i-th grain size range into suspension is:
𝐸𝑖 = 𝑝𝑠𝑏𝑖 𝐸𝑇
where 𝑝𝑠𝑏𝑖 is the fractions in the i-th grain size range in the sediment entrained from the
bed, described as:
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𝑝𝑠𝑏𝑖 =

𝜑𝑖 𝑝𝑖
∑𝑁
𝑖=1 𝜑𝑖 𝑝𝑖

1,

𝑓𝑜𝑟

𝜑𝑖 = {𝑢 − 𝑢
∗𝑠
∗𝑐
,
𝑣𝑠𝑖 − 𝑢∗𝑐

𝑢∗𝑠
>1
𝑣𝑠𝑖
𝑢∗𝑠
𝑓𝑜𝑟
<1
𝑣𝑠𝑖

where 𝑢∗𝑠 = √𝜏𝑏𝑠 /𝜌 is the shear velocities due to skin friction and 𝑢∗𝑐 = √𝜏𝑏𝑐 /𝜌 is the
critical shear velocity, evaluated using the 𝐷50 of the bed material. The total entrainment
rate 𝐸𝑇 is:
𝜏𝑏𝑠
− 1)
𝜏𝑏𝑐
𝐸𝑇 = (1 − 𝜆)𝛾0
𝜏
[1 + 𝛾0 (𝜏𝑏𝑠 − 1)]
𝑏𝑐
(

,

𝛾0 = 0.004

The bedload transport is quantified using the Ashida and Michiue (1972)
formulation as a function of the dimensionless Einstein bedload number 𝑞𝑏∗ =
𝑞𝑏 /(√𝑅𝑔𝐷𝐷):
𝑞𝑏∗ = 17(𝜏 ∗ − 𝜏𝑐∗ )(√𝜏 ∗ − √𝜏𝑐∗ )

,

𝜏𝑐∗ = 0.05

where 𝜏 ∗ is the Shields number, while the direction on the sloping bed is calculated
considering the composite effect of bed shear, bed slope and shape factors of the particles
(Huang et al., 2012).
The model uses a simplified version of the active layer scheme proposed by Karim
and Kennedy (Huang et al., 2007) to track the change of the sediment fraction in the i-th
grain size, and the new fraction of particle size 𝑖 at timestep t can be expressed as:
𝐹𝑖𝑡

𝐻 𝑡 𝑝𝑖𝑡−1 + 𝛿𝑖𝑡 − 𝛿 𝑡 𝑝𝑖𝑡−1
=
∑𝑖 𝐻𝑡 𝑝𝑖𝑡−1 + 𝛿𝑖𝑡 − 𝛿 𝑡 𝑝𝑖𝑡−1

H represents the thickness of the mixing layer, 𝛿𝑖𝑡 and 𝛿 𝑡 are the thickness of the deposit
(negative for erosion) during the time interval respectively for the i-th grain size and for
the total grains.
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2.2. BOUNDARY CONDITIONS
A number of boundary conditions is implemented in the numerical model, e.g.,
inlet, outlet, symmetry, and solid wall. The inlet conditions are defined in the upstream
side of the domain, by defining the inlet velocity of the turbidity current, the sediment and
solute concentrations and current thickness, the inlet turbulent kinetic energy and
3

dissipation rate are estimated as 𝑘𝑖𝑛 = (0.1 𝑢𝑖𝑛 )2 and 𝜀𝑖𝑛 = 4 𝑘𝑖𝑛 2 /ℎ𝑖𝑛 where 𝑢𝑖𝑛 , 𝑘𝑖𝑛 , are
the averaged velocity, turbulent kinetic energy and thickness of the current at the inlet. The
variables are assumed completely developed in space at the outlet and their gradient is set
equal to zero in the direction perpendicular of the outlet boundary.
The free surface is typically well above the density current so that it does not
interfere with it, and it is therefore, described by a symmetry boundary condition, which
means zero fluxes across the boundary. The velocity profile at the wall is estimated
accordingly with the logarithmic law. The bottom of the grid system is updated during each
time step according to the change in bed level due to bedload, sediment entrainment and
deposition calculated from the solution of the Exner equation.
2.3. SOLUTION PROCEDURE
The governing equations are discretized using an implicit finite-volume scheme for
a non-orthogonal grid system (Ferziger and Peric, 2002). The non-orthogonality is
addressed directly in the process of approximating the convective and diffusive flux
through the cell instead of transforming the grid to orthogonal curvilinear coordinates, with
the advantage of the model equations in the original forms.
The model uses the collocated arrangements in which the same control volume is
used for all the variables. For the unsteady term, discretization is used as an implicit three-
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time level scheme of second-order accuracy for any dependent variable ϕ in the control
volume ∆𝛺
[

∆(𝜌𝜙)
𝜌∆𝛺
∆𝛺] = [
(3𝜙𝑖𝑛+1 − 4𝜙𝑖𝑛 + 𝜙𝑖𝑛−1 ]
∆𝑡
2
∆𝑡
𝑃
𝑃

with P the center of the nodes in the control volume at which the governing equation is
approximated, and n is the time level. The values at the cell face is obtained through linear
interpolation.
The discretization of the convective and diffusive terms is approximated using a
deferred-correction approach, by blending the first-order upwind scheme (UDS) with the
second-order central difference scheme (CDS) (Ferziger and Peric, 2002)
𝐹 𝑈𝐷𝑆 + 𝛼(𝐹 𝐶𝐷𝑆 − 𝐹 𝑈𝐷𝑆 )
where the convective flux approximated respectively with the upwind and central
difference scheme are 𝐹 𝑈𝐷𝑆 and 𝐹 𝐶𝐷𝑆 and the blending factor is assumed as 𝛼 = 0.1 so
that the scheme is overall close to the second order accuracy. Approximation of the
convective flux through a cell face (face “e” with P and E the cell centers neighboring the
face is calculated) of a scalar variable, 𝜙, is:
min(𝑚𝑒 , 0) 𝜙𝐸 + max(𝑚𝑒 , 0) 𝜙𝑃
+ {𝑚𝑒 [𝜆𝑒 𝜙𝐸 + (1 − 𝜆𝑒 )𝜙𝑃 ] − min(𝑚𝑒 , 0) 𝜙𝐸 + max(𝑚𝑒 , 0) 𝜙𝑃 }𝑛−1
where 𝑚𝑒 is the max flux through face “e” and 𝜆𝑒 is a linear interpolation coefficient
calculated from grid geometry, and 𝑛 is the iteration number. Approximation of the
diffusive flux is calculated as
𝜙𝐸𝑛 − 𝜙𝑃𝑛
𝐷𝑒 [
𝑆 + (∇𝜙)𝑛−1
𝑒 (𝒏 − 𝒊𝜉 )𝑆𝑒 ]
|𝑟𝑃𝐸 | 𝑒
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where 𝐷𝑒 is the dispersion coefficient, 𝑆𝑒 is the absolute value of the area normal to the
face cell; |𝑟𝑃𝐸 | is the distance between the two neighboring cell’s center values. The nonorthogonal part of the diffusion transport is corrected by explicitly using the values from
the preceding iteration. 𝒊𝜉 is the unit direction vector from cell center P to E and 𝒏 is the
cell face unit normal vector, (∇𝜙)𝑛−1
is obtained explicitly with Gauss theorem from
𝑒
values of the preceding iteration step.
This study adopts the pressure implicit with the splitting of operators’ algorithm for
solving the RANS equations: first, the velocity components and pressure are solved, then,
the scalar transport equations for turbulent kinetic energy, dissipation rate, and sediment
concentration are solved. The bed gets adjusted accordingly with bed elevation changes
due to sediment entrainment and deposition by uniformly distributing the bed level change
∆𝑦𝑏𝑒𝑑 to all the grid points above it except the one that represent the free surface (most top
grid point), ensuring the original smoothness of the entire grid system.
2.4. ACTIVE-LAYER FORMULATION
Rivers can carry sediment for long distances, create areas of erosion and deposition,
and change the sediment distribution on the bed surface and the floodplain. Similar
processes can also occur in the submarine environment due to turbidity currents.
As the bed aggrades, the current deposits sediment creating a new substrate; when
it degrades, the flow erodes and selectively entrains and transports the various grainsizes
downstream. The process changes the grain size distribution in the vertical as well as the
horizontal direction of the bed, creating a “stratigraphy.” The active-layer concept of Karim
and Kennedy (1982) has been implemented in the numerical model, assuming that the
upper layer of the bed (few grain sizes thick or of the order of the average height of the
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bedforms) is actively involved in the sediment transport process and that the change in bed
material composition on the bed surface is calculated assuming that different sediment size
fractions are homogeneously distributed in the mixed layer.
2.5. STRATIGRAPHIC MODEL
During morphological changes of a channel bed in response to a flow, the amount
leaving the mixing layer depends on degradation while the amount becoming part of the
mixing layer depends on aggradation; if the bed elevation and the mixing layer thickness
do not change in time, then the amount of material entering (or leaving) the mixed layer
from below (or above) equals the amount of degradation (or aggradation). When the bed
degrades, sediment enters the mixed layer from below; when the bed aggrades, part of the
material located in the mixed layer becomes part of the inactive bed below.
A wide variety of experiments have been conducted and numerical models have
been developed to study the structure of the deposit due to aggradation and degradation,
but few of them are designed for storing the spatial variation of the deposit due to
aggradation, and then re-access this information computationally when the bed degrades.
Viparelli et al. (2010) developed one of the few morphological models that can store and
access stratigraphy. We implemented the approach of Viparelli et al. (2010) here for
turbidity currents.
A new subroutine is added to the 3D model of turbidity currents described earlier
to allow the model to preserve stratigraphy in a text file as it is created by aggradation, and
access the information if and when the flow degrades into the deposit.
The computational domain for the bed is discretized into N number of j-nodes
(same number of nodes of the computational domain) in the streamwise direction, and M
points (k) in the vertical direction:
17

𝑀𝑗 |𝑡=0 = 𝑖𝑛𝑡 (

𝜂𝑗 |𝑡=0 − 𝐿𝑚,𝑗 |𝑡=0
𝐿𝑠

)+2

where int is a function that gives output as an integer value. All storage layers have
thickness Ls, and the mixing layer has thickness Lm. Small values for storage layer
thickness (Ls) allow to record a finer stratigraphic structure. The initial grid for the
stratigraphy domain is defined accordingly with the initial longitudinal bed profile, the
thickness of the storage layers and the number of vertical nodes. The storage grid is updated
at every time-step by adding or removing computational nodes, accordingly with the
process of aggradation or degradation of the bed (Figure 2.2).
When the bed aggrades at a generic node, j, a new layer of thickness, ∆𝜂𝑗 =
∆𝜂𝑗 |𝑡+∆𝑡 − ∆𝜂𝑗 |𝑡 , computed solving the Exner equation, is deposited on top of the initial
bed, and accordingly with the Karim and Kennedy active layer formulation, the bottom
part of the deposit becomes part of the substrate. When the amount of aggradation within
one time step is not enough to fill the storage layer, a new storage point is created as:
𝜂𝑗 |𝑡+∆𝑡 ≤ (𝑀𝑗 |𝑡+∆𝑡 − 1) 𝐿𝑠 = (𝑀𝑗 |𝑡 − 1) 𝐿𝑠 .
The new sediment deposited is mixed into the antecedent sediment layer in
volumetric proportion, so that the sediment fraction in the layer does not have a vertical
structure, but it is uniformly mixed within the k-layer, at the generic node j.
When the amount deposited on top of the uppermost storage layer reaches the
thickness, Ls, one or more new storage layers are created accordingly with the thickness of
the deposit. The grainsize distribution of the antecedent storage layer is computed as the
volume average of the sediment previously located there and the new sediment deposited,
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while the sediment composition of the new layer on top is characterized by the grain size
distribution deposited by the flow.
In the case of degradation, the flow erodes material from the bed. According to the
amount of bed eroded, 𝜂𝑗 |𝑡+∆𝑡 , the storage layer 𝐿𝑠,𝑘 that has been reached and from where
the sediment is taken is determined. Knowing that, the information of the grain size
characteristics that have been stored for that specific layer are accessed and used to describe
the now new topmost storage layer.
2.6. THE MORPHOLOGICAL ACCELERATION FACTOR (MORFAC)
Morphodynamic models are tools that allow for the study and prediction of the
evolution of coastal, river and estuarine systems, analysis of sediment transport and
erosional problems, and aid in the design of coastal defenses. In these scenarios, while the
hydrodynamic evolution varies from hours to days, the morphological changes may take
place over a much longer timescale.
Lesser et al. (2004) and Roelvink (2006) introduced the Morphological
Acceleration Factor (MORFAC), a technique to perform morphological simulations by
using hydrodynamic simulations of only a fraction of the required duration. The MORFAC
approach decouples the time-scale of the morphological model from the time-scale of the
hydrodynamic and sediment transport models, and so it can be viewed as a form of model
reduction:
∆𝑇𝑚𝑜𝑟𝑝ℎ𝑜𝑙𝑜𝑔𝑦 = 𝑀𝑂𝑅𝐹𝐴𝐶 ∙ ∆𝑇ℎ𝑦𝑑𝑟𝑜𝑑𝑖𝑛𝑎𝑚𝑖𝑐
One must realize that the most critical time-scale of the model is now the
morphodynamic timescale and that the hydrodynamic and sediment transport models are
only run to provide updates (in terms of residual sediment transport vectors) to the
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morphological model (Lesser, 2009). When fluctuating boundary conditions are applied to
the hydrodynamic model, it is essential to conceptually separate the hydrodynamic and
morphological models and their associated timescales. In the case of fluctuations of
boundary conditions (e.g., tidal) are applied at hydrodynamic time scales, the impact of
these fluctuations is applied by MORFAC before being applied to the morphological
model.
According to the Morphological Acceleration Factor technique, at each
hydrodynamic time step the fluxes of suspended sediment and the bedload sediment
transport components to and from the bed are multiplied by MORFAC: if MORFAC is
greater than 1.0, then the morphological time step is effectively made longer than the
hydrodynamic time step, and the bed change is upscaled accordingly. The updated new
bathymetry is then used in the next hydrodynamic step (Figure 2.3).
There are limits on the applicability of this method, depending on the characteristics
of the location under consideration, and the selection of a suitable Morphological
Acceleration Factor remains a matter of judgment.
The appropriate morphological acceleration factors must be chosen and tested on a
case-by-case basis. One of the limits of this method is that it upscales the bed dynamics by
a constant factor, but, the bed can experience vertical growth and horizontal propagation.
2.7. 2D MODEL VALIDATION DEPOSITIONAL TURBIDITY CURRENTS
The model is validated by simulating three experiments (DAPER6, GLASSA2,
MIX5) of Garcia (1993) for depositional turbidity currents in an idealized model submarine
canyon-fan system. The objective of the experiments was to study the hydrodynamic,
depositional, and erosional characteristics of turbidity currents in a flume characterized by
a slope change.
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Garcia (1993) conducted the experiments in a 30 cm wide, 78 cm deep and 11.6 m
long flume. The upstream section of the flume (5 m from the entrance) with a 0.08 slope
represented a canyon, the following horizontal bed was used to represent the fan. The flow
in all the experiments entered the flume as supercritical turbidity current, created an
internal hydraulic jump at the slope break and transitioned to subcritical conditions.
Initial conditions
The inlet current thickness for all the experiments was set at 3 cm, while other
parameters changed as reported in Table 2.1. The inlet Richardson numbers for all the
simulations are below one at the entrance to ensure the generation of supercritical
conditions. The sediment grain size distribution and initial concentration for the poorly
sorted experiment (MIX5) is reported in Table 2.2. The model grid for the numerical
simulations have a resolution of 109 x 81 nodes with 5 mm near bed grid size, which is
found to give converged simulation results.
Results
Flow field: The sediment concentration profiles for the poorly sorted case
(DAPER6) have been normalized with the corresponding layer-averaged values of
concentration and current thickness. The comparison of the normalized velocity and
sediment concentration profiles between the simulation DAPER6 and the measurements
from Garcia (1993) experiments are shown in Figure 2.4. Overall match of the profiles is
good. For the profile under the supercritical condition in the sloping part of the flume, the
measured values show a good similarity collapse, unlike in the downstream subcritical
zone. The numerical profiles follow the experimental profiles, especially under the
supercritical condition.
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Figure 2.6 displays the initial stages of the flow evolution in time of the turbidity
current for the experiment MIX5. The turbidity current interface is represented by the 1,000
kg/m3 contour line. The turbidity current enters the domain (t = 40 s) in supercritical
conditions. At 100 s the front reaches the horizontal part of the flume, and the current
thickness increases in this downstream zone (t = 160 s). Once the current front leaves the
downstream end of the domain (t = 220 s), the changes of the current thickness in time are
slow (t = 300 s).
Deposit thickness: The deposit thickness at the end of each simulation with poorly
sorted sediments is reported in Figure 2.5. The simulated profiles of the deposit thickness
do not show any discontinuity at the slope break, in agreement with the experimental
profiles. The turbidity current driven by finer diameter particles (DAPER6) shows a deposit
that is almost uniform in thickness along the flume, and a weak depositional tendency. For
this case, the turbidity current depositional capacity is not affected by the slope break or
the hydraulic jump at the transition between supercritical and subcritical conditions. There
is a good agreement between the simulated and the measured values for the deposit
thickness.
The turbidity current with coarser grain (GLASSA2) show an exponential decrease
in the deposit thickness. In this case, the simulated profile shows a good agreement in the
downstream part of the flume, after the slope break (Figure 2.5).
The simulated depositional profile for MIX5 is compared with the experimental
data in Figure 2.7. Similar to the case of well-sorted sediment, there is no discontinuity in
the deposit profile at the slope break. The deposit thickness decreases exponentially in the
streamwise direction for both numerical and experimental simulations.
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2.8. 2D MODEL VALIDATION ON MINIBASIN AT LABORATORY SCALE
The experiments performed by Toniolo et al. (2006a) are characterized by water
detrainment in the ponded area of the minibasins - area between the internal hydraulic jump
and an elevation barrier located at the downstream end of the setup. Turbulence in the
ponded zone was dying or dead, and the turbidity current formed a settling interface.
Upstream of the hydraulic jump the turbidity current was fully turbulent, and because it
was Froude-supercritical it could entrain water from above; downstream, the flow was slow
and thick with a densimetric Froude number well below unity (subcritical).
In the experiments performed by Toniolo et al. (2006a), all the current was captured
in the ponded zone, and so there was no overflow over the downstream lip of the domain
even in the case of continuous flow.
Initial conditions
The flume used in these experiments was 0.304 m wide, 0.76 m deep and 12.80 m
long, and it was filled with sediment-free water up to 0.60 m deep. Upstream of the flume,
water and sediment were mixed in a tank, a dumping tank was located at the downstream
end to collect the turbid water and prevent reflection of the turbidity current. The basin was
4.06 m long, and it was built inside the flume (Figure 2.8), with constant entrance slope
(Sb1= 0.298) and a nearly horizontal central region (Sb2 = 0.017); the maximum relief
downstream is Δhb = 0.46 m.
Two different experiments that differ in duration and sediment characteristics were
conducted by Toniolo et al. (2006a); only Experiment 1 is simulated to validate the
numerical model. The median size D50 used in the experiment was 45 μm, the geometric
mean size Dg was 42 μm and the standard deviation σg was 1.25 (Figure 2.9). The
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computational domain of the basin consists of 81 x 66 nodes, near bed cell size is 4 mm.
The experimental conditions are reported in Table 2.3.
Results
The final bed, at time 58 minutes is compared with results from the numerical
simulation (Figure 2.10). The simulation underestimates the bed deposit at the entrance,
and over estimates it in the ponded area, but the error is within the 10%.
Toniolo et al. (2006a) collected the vertical profiles of the volume sediment
concentration in suspension at time 16 minutes, 38 minutes, and at the end of the
experiment (58 minutes) at different locations along the basin, using siphon rakes. The
comparison between laboratory and numerical simulation results is presented in Figure
2.11. The samples from the siphons farther upstream show profile of the suspended
sediment concentration that decay roughly exponentially in the vertical direction, a typical
pattern observed in gradually-varied turbidity currents (Toniolo et al. 2006a). The two
profiles located in the ponded zone are vertical, which means that the sediment
concentration is uniform in the vertical direction and, furthermore, the two locations exhibit
almost the same value for the concentration. The results from the simulations show a good
agreement with the experiments.
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Table 2.1: Initial conditions of the 2D experimental runs used to validate the model (Garcia
1993)
Parameters

DAPER6 GLASSA2

Inflow velocity, u0 [m/s]

MIX5

0.083

0.083

0.11

3

3

3

Inflow sediment concentration, c0 10-3 [m3/m3]

3.72

3.39

7.28

Particle geometric mean size diameter, Dg [μm]

9

30

26

Total simulation time, [min]

40

30

30

Inflow current thickness, h0 [cm]

Table 2.2: Sediment grain size distribution for poorly sorted turbidity current experiment
(MIX5)
k

Diameter, Dk [μm]

Fraction, Fk [%]

Concentration, Ck [m3/m3]

1

5.00

5.12

3.73E-04

2

8.00

7.59

5.53E-04

3

12.70

15.14

1.10E-03

4

20.20

23.27

1.69E-03

5

32.00

34.38

2.50E-03

6

50.80

14.28

1.04E-03

7

80.60

0.22

1.60E-05

Table 2.3: Initial parameters for the 2D basin model validation at laboratory scale (Toniolo
et al. 2006a)
Parameter

Value

Discharge Qu [l/s]

0.33

Flow thickness hu [cm]

1.00

Concentration Cu

0.05

Sediment fall velocity [cm/s]

0.14

Duration [min]

58

D50 [μm]

45
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Figure 2.1: Active –layer formulation from Karim and Kennedy (1982) where:
(Tm) t-1: mixed layer thickness at interval (t-1)
(δi,k) t: depth of aggradation / degradation for sediment interval k in reach i during time
interval t
(ξi,k) t: amount of material in size interval k which enters the mixed layer in reach i during
the time interval t for degradation, and leaves it for aggradation
ds: depth of degradation, during interval t
de = (Tm) t + ds – (Tm) t-1: depth of parent bed material entering the mixed layer, during
interval t
da: depth of deposition, during interval t
dl = (Tm) t-1 + da – (Tm) t: depth of material leaving the mixed layer, during interval t
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Figure 2.2: Grid extension as the bed aggrades to store stratigraphy information from the
time (t) to (t+Δt) (Viparelli et al., 2010). At nodes (j-1) and (j) the grid points moved
upward of the same amount of the deposit thickness at that node. At node (j+1) a new grid
point is added in the vertical direction as the distance from the updated grid point (at t+ Δt)
and its location at the previous time step (t) exceed the grid size
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Figure 2.3: General structure of the coastal morphodynamic models that apply the
Morphological Acceleration Factor concept (MORFAC)
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Figure 2.4: Normalized velocity and concentration comparison in the supercritical and
subcritical zone for the set of experiment with poorly-sorted sediment (DAPER6). Markers
represent the measured values (experimental simulations) and the lines represent the
numerical simulated profiles at different locations in the supercritical (x = 2, 3, 4 m) and
subcritical zone (x = 7, 8, 9 m)

29

Figure 2.5: Comparison of the simulated and measured deposit thickness versus distance
for the poorly sorted experiments (Garcia 1993 – GLASSA2 and DAPER6). Markers
represents the experimentally measured values of the deposit thickness, while the lines
represent the numerically simulated profiles

Figure 2.6: Simulated propagation of a turbidity current in time for the experimental run
MIX5 (Garcia 1993) at different time (40, 100, 160, 220, 300 s from the beginning of the
simulation)
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Figure 2.7: Comparison of the simulated (dashed line) and measured (markers) deposit
thickness versus distance for the well sorted experiments (MIX5 – Garcia 1993)

Figure 2.8: Experimental setup used by Toniolo et al. (2006a) to simulate two-dimensional
basin flow and deposits. The data collected during these experiments have been used for
the model validation (modified from Toniolo et al., 2006a)
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Figure 2.9: Grain size distribution of the turbidity current used for the 2D model validation
simulation (Toniolo, 2006a)

Figure 2.10: Comparison of the experimental measured (markers, Toniolo et al., 2006a)
and the numerical simulated bed elevation profile versus distance, at 58 minutes
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Figure 2.11: Vertical profiles of the suspended sediment concentration at various time (1638-58 minutes) from the beginning of the 2D laboratory scale simulation of minibasin flow.
In each case the vertical concentration profile is plotted at three stream wise locations and
at the lip, accordingly with the laboratory measurements made by Toniolo et al. (2006a)
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CHAPTER 3
MODELING MORPHODYNAMIC ACCELERATION AND
SEDIMENTARY STRATA FOR TURBIDITESY

3.

YESY

3.1. INTRODUCTION
Predicting the long-term morphology with a physical based model is still uncertain
and time consuming. Running real-time model which reproduce time processes that require
a long term of simulated hydrodynamic modeling, leads to computations very time
consuming. In the last decades, several techniques have been implemented to overcome
this limitation, and to accelerate the computation. The idea behind these ideas is the same:
bridge the gap between morphological and hydrodynamic timescale. The timescale of the
morphological changes can be very long compared with the evolution of the flow
characteristics and its adaptations to changes.
The aim of this work is to i) systematically study the effect of the Morphological
Acceleration Factor (MORFAC) on the flow and bed evolution, at field and laboratory
scale, ii) study the evolution of sediment grain size distribution of the deposited sediment
strata. Most, if not all the morphodynamic phenomenon experience a transition time before
reaching equilibrium conditions. When a morphological acceleration approach is used this
transitional time can become key on the final morphological development.
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Furthermore, the model used in this study has been implemented with a subroutine
that stores the stratigraphy of the deposit. In this study, two-dimensional cases at field scale
and a three-dimensional case at laboratory scale have been investigated to analyze the
effect of the morphological acceleration on the deposit architecture.
3.2. 2D AND 3D MODEL APPLICATION AT LABORATORY AND FIELD
SCALE
The model has been found to be able to simulate the flow structure and deposit
thickness of two-dimensional laboratory experiments on turbidity currents with multiple
grain size fractions.
In this section, the model is applied to laboratory and field scale turbidity currents
over two and three-dimensional geometries to investigate the effects of MORFAC on the
amplification of the bed amplitude. To that end, MORFAC equal to 2 and 5 is applied for
the different cases considered. Furthermore, a higher value of MORFAC (10) is applied for
the 2D field scale and the 3D laboratory scale simulations.
By continuously exchanging sediment with the bed and entraining clear water from
above, turbidity currents never really reach a true equilibrium state. However, turbidity
currents with steady inflow can eventually reach a quasi-steady state at a location, when
the front has passed that specific location (Huang et al., 2005). For this reason, the effect
of the morphological acceleration factor on the bed elevation is compared between the
cases in which the parameter has been applied from the beginning of the simulation
(MORFAC2-I, MORFAC5-I, MORFAC10-I) with the cases in which it has been applied
when the current reaches quasi-equilibrium conditions (MORFAC2-II, MORFAC5-II,
MORFAC10-II). The benchmark case is called MORFAC1, which means that the
morphological acceleration factor is not applied
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In all the simulations, a porosity equal to 0.4 and the submerged specific gravity of
the sediment (R) equal to 1.65 are considered.
Two-dimensional laboratory-scale application
The first two test cases that have been simulated are from the laboratory
experiments performed by Garcia (1993) using well (GLASSA2) and poorly (MIX5) sorted
sediments (these cases are the same ones used for the validation of the numerical model,
Figure 2.5 and Figure 2.7). Morphological acceleration factors equal to 2 and 5 are used
for these tests, in the case that they are applied from the beginning of the hydrodynamic
simulation (MORFAC2-I and MORFAC5-II) or when the front reaches the end of the
domain (MORFAC2-II and MORFAC5-II).
The initial conditions are reported in Table 2.1 (Chapter 2). The initial geometry is
the same for both cases. The turbidity current front reaches the end of the domain at 300 s
for the well-sorted sediment case (GLASSA2), while for the other test (MIX5) it reaches
the end at 200 s.
The comparison of the bed deposit thickness at the end of the simulations is reported
in Figure 3.1 and Figure 3.2. From the measured laboratory profiles, GLASSA2 deposits
more sediment than MIX5. The application of the morphological acceleration factor after
the front reaches the end of the domain (MORFAC2-II and MORFAC5-II) results in an
overestimate of the bed deposit thickness, which is greater for the case of thicker deposit
of the benchmark case. The cases of MORFAC applied from the beginning of the
simulation show a good agreement with the benchmark case for both the tests.
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Two-dimensional field-scale application – slope change
A 2D field scale simulation on slope change has been performed. The channel is
1,000 m long and it is characterized by a slope change at 500 m where the slope decreases
from 4% to 1% (Figure 3.3). The near bed grid size is 5 cm and the spatial resolution of the
computational grid is 3 m. The total simulated time is 15 hours and the time step used is
0.5 seconds. The turbidity current enters the domain with uniform velocity of 0.8 m/s and
it reaches quasi-steady conditions after 40 minutes of flow. The grain size distribution of
the turbidity current reported in Figure 3.4 is characterized by a mean grain size diameter
of 60 µm and median diameter of 62.7 µm.
The current is initially simulated without applying the Morphological Acceleration
Factor (MORFAC1). The result of this benchmark case is then compared with the
combinations of different conditions that consist of different values of MORFAC (2 – 5 –
10), applied either at the beginning of the simulation (MORFAC-I) or when the front
reaches the end of the domain (quasi-equilibrium condition: MORFAC-II), i.e. the
morphodynamic time step is equal to the hydraulic time step when the turbidity current
front is in the model domain, and it is larger than the hydraulic time step when the turbidity
current body occupies the entire computational domain.
The thickness of the deposit between the benchmark case (MORFAC1) and the
resultants after the applications of different values of MORFAC are reported in Figure 3.5.
Overall there is a good agreement between the different applications of the model. In the
case that MORFAC is applied after quasi-equilibrium conditions, the model slightly
overestimate the deposit at the entrance of the domain for all the values of MORFAC.
Figure 3.6 shows a zoom of the comparison of the bed elevation at the entrance of the
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channel (first 100 m from the channel entrance) for the two test conditions considered in
this study (MORFAC-I and MORFAC-II), for different values of MORFAC. The first
figure (on top) shows the bed elevation at 15 hours, in the case that MORFAC is applied
from the beginning of the simulation (MORFAC-I). For values of MORFAC equal to 2
and 5 there is a good agreement with the benchmark case, in the case of large values of the
acceleration factor (MORFAC = 10), the model overestimate the final bed elevation. In the
figure on the bottom are plotted the bed profiles for the cases in which MORFAC is applied
after the current front reaches the end of the domain (MORFAC-II). In this case, for all the
values of MORFAC, the model slightly over estimates the bed level.
The median diameter (D50) of the deposit at the end of the simulations is shown in
Figure 3.7 for all cases investigated. The first figure on the top is the benchmark case
(MORFAC1), while on the left panel are the simulations in which MORFAC is applied
from the beginning of the simulations (MORFAC-I) and the right panel are the stratigraphy
profiles with MORFAC applied after the front reaches the end of the domain. The model
for all the simulated cases is able to capture the downstream sediment fining tendency.
Small values of MORFAC shows a better agreement with the stratigraphy of the
benchmark case.
Two-dimensional field-scale application – wavy bed
In this case a 1,000 m long two-dimensional channel with wavy bed for the first
500 m from the inlet and plane bed downstream is considered. The initial bathymetry is
shown in Figure 3.8. The computational domain has a resolution of 3 m and the near-bed
grid size is 5 cm; the time step is chosen as 0.2 s. A constant turbidity current enters the
domain with longitudinal velocity of 0.8 m/s and total sediment concentration of 3%, the
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initial grain size distribution is reported in Table 3.1. The turbidity current reaches quasiequilibrium conditions after 24 minutes of flow. The total simulation time is 12 hours.
The simulated bed elevation profile after the application of a morphological
acceleration factor of 2 shows a very good agreement with the benchmark condition of
MORFAC1 (Figure 3.9). The deposit thickness for the other cases with higher values of
MORFAC deviates from the benchmark case (MORFAC1). In particular, the case of
MORFAC 5-I, the model shows a better agreement with the expected profile compared
with the case of high value of MORFAC (MORFAC10-I) when the bedform has shifted
and its amplitude attenuated.
Figure 3.10 shows the bed elevation profiles at the end of the simulations near the
entrance of the channel (x = 0 to 200 m) for MORFAC equal to 2, 5 and 10. The top panel
of Figure 3.10 shows results for Case-I. As it has reported before, MORFAC 2 results in
good agreement with the expected bed profile (MORFAC1); MORFAC = 5 or MORFAC
= 10 results in profiles that are both shifted farther downstream in the longitudinal
direction. Applying the acceleration factor after reaching quasi-equilibrium conditions in
the domain results in better agreement with the benchmark profile for both MORFAC2-II
and MORFAC5-II, while the case of MORFAC10-II causes the bed to shift to the
downstream direction.
The bed evolution in time and the flow field after ten hours of flow is shown in
Figure 3.11. The water surface is in phase with the bed and the bedforms are migrating
upstream.
The grain size stratigraphy of the deposited strata is compared in Figure 3.12 for all
the cases at 12 hours (end of the simulation). The turbidity current deposits coarser material

39

near the entrance and a strong tendency of downstream fining is observed. Coarse sediment
is also deposited locally on the bedforms crest, as it can be observed from the stored
stratigraphic record of the benchmark case. The model can successfully capture the
downstream fining of the grain sizes of the deposited sediment. At the entrance of the
channel, the bedforms growth rate is high enough to show that there is a formation of coarse
deposit on top of the bedform crest and as the bedform moves upstream, the coarse
sediment follows its shape. All the simulations capture this phenomenon.
Three-dimensional application at laboratory scale – minibasin
Results from the application of MORFAC to a laboratory-scale three-dimensional
basin is presented here. This case is especially important because of the highly transient
characteristics of the phenomenon by which the flow develops inside the basin. When the
flows reach a basin, it reflects from the downstream end creating an upstream migrating
bore, which eventually stabilizes (Lamb et al., 2004). For this case, the current is
considered at quasi-equilibrium conditions then when the hydraulic jump stabilizes (after
15 minutes from the beginning of the simulation). The initial velocity of the turbidity
current is 0.23 m/s and the inlet height is 5 cm. Initial conditions of the sediment mixture
are reported Table 3.2. The basin has a circular diameter of 0.4 m and it is 0.3 m deep at
the center (Figure 3.13). The computational domain is 1.22 m wide and 1.3 m long, with
grid resolution 0.04 m and 0.03 m respectively. The near-bed grid cells have dimensions
of 2 mm.
At the end of the simulation (60 minutes), there is a sharp increase of the bed
elevation at the entrance of the basin of (Figure 3.14 – benchmark case). The bed elevation
at the end of the simulation without the application of the morphological acceleration factor
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(MORFAC1) is compared with the different cases of MORFAC application (Figure 3.15).
The comparison is done by computing the difference in bed elevation after applying the
MORFAC and the benchmark case.
The cases of MORFAC 2-I and MORFAC5-I shows satisfactory agreement with
the benchmark deposit thickness. The deposit thickness is underestimated especially near
the entrance when MORFAC 2-II, 5-II and 10-II are applied.
The turbidity current deposits coarse sediment along the entrance of the basin, and
at the ponded area the deposit becomes finer and it follows the shape of the basin floor.
The median diameter (D50) of the deposit at the bed for all the tests is presented in Figure
3.16. The distribution of D50 of the deposited sediment is similar in all the cases.
3.3. SUMMARY
The morphological component of a 3D model of turbidity currents has been
modified to incorporate a Morphological Acceleration Factor and storage of grainsize
information in the deposited sediment. The morphological model has been applied to
coastal (Esser at al., 2004; Roelvink, 2006), and fluvial processes, but not to turbidites.
Overall, the morphological acceleration approach implemented in this model gives
a good agreement with laboratory measured results, when the factor is applied from the
beginning of the simulation. On the other hand, field scale simulations show that applying
MORFAC when the system reaches a quasi-equilibrium state would give a better match
with the benchmark solution and a better agreement on the depositional pattern and its
architecture. Based on the cases considered in this study, values of the morphological
acceleration factor greater than 5 are not suggested.

41

Table 3.1: Grain size distribution of the turbidity current simulated for the test case of a
wavy bed
Diameter [μm]

Fraction [%]

40

40

80

40

120

20

Table 3.2: Grain size distribution and concertation of the turbidity current for the 3D
laboratory scale simulation on minibasin
Diameter, D [μm]

Fraction [%]

Concentration, C [%]

4.27

10.83

1.18

10.25

17.18

1.88

21.21

25.59

2.79

47.43

43.40

4.73

86.60

3.00

0.33
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Figure 3.1: Final deposit thickness of a well-sorted turbidity current (GLASSA2, Garcia,
1993 – laboratory scale application). Left panel comparison with simulation result using
MORFAC = 2, right panel using MORFAC = 5. MORFAC-I is when it is applied at the
beginning of the hydrodynamic simulation (MORFAC2-I and MORFAC5-I); MORFACII when the front reaches the end of the domain (MORFAC2-II and MORFAC5-II)

Figure 3.2: Final deposit thickness of a poor-sorted turbidity current (MIX5, Garcia, 1993
– laboratory scale application). Left panel comparison with simulation result using
MORFAC = 2, right panel using MORFAC = 5. MORFAC-I is when it is applied at the
beginning of the hydrodynamic simulation (MORFAC2-I and MORFAC5-I); MORFACII when the front reaches the end of the domain (MORFAC2-II and MORFAC5-II)
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Figure 3.3: Initial bed profile for the simulations of the slope change

Figure 3.4: Sediment grain size distribution of the turbidity current characterized by mean
grain size diameter of 60 µm, used for the 2D simulation of slope change
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Figure 3.5: Deposit thickness in the case of slope change geometry, after 15 hours of
simulated flow. MORFAC values are 2, 5 and 10. Comparison of the effect of the
application of the morphological acceleration factor when the front reaches the end (dashed
line, MORFAC-II), to the case of applying it from the beginning (dotted line, MORFACI)
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Figure 3.6: Comparison of the bed elevation profiles after 15 hours (zoom of the area
between the channel entrance and x = 200 m) in the case of using MORFAC from the
beginning (top, MORFAC-I) and when MORFAC is applied after the front reaches the end
(MORFAC-II), for values of MORFAC equal to 2, 5 and 10
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Figure 3.7 Median diameter of the stratigraphy of the deposit (D50) after 15 hours. Left
panel are the profiles in which MORFAC is applied from the beginning of the simulation
(MORFAC-I), on the right panel MORFAC has been applied after the front reaches the
end of the domain (MORFAC-II)
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Figure 3.8: Initial bed profile for the 2D field scale simulation of wavy bed
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Figure 3.9: Comparison of the deposit thickness after 10 hours of simulated flow on a wavy
bed. MORFAC values are 2, 5 and 10. Comparison of the effect of the application of the
morphological acceleration factor when the front reaches the end (dashed line, MORFACII), to the case of applying it from the beginning (dotted line, MORFAC-I)
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Figure 3.10: Comparison of the bed elevation after 10 hours of simulated flow on a wavy
bed (zoom of the area between the channel entrance and x = 200 m) in the case of using
MORFAC from the beginning (top, MORFAC-I) and apply MORFAC when the front
reaches the end (MORFAC-II), for values of MORFAC of 2, 5 and 10

Figure 3.11: Bed elevation evolution and flow field of the simulation on a wavy bed, after
10 hours of simulated deposit (benchmark case)
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Figure 3.12: Stratigraphy of the deposit (D50) after 10 hours of simulated flow. Zoom from
the channel entrance to x = 600 m. On the left panel are simulations in which MORFAC is
applied from the beginning (MORFAC-I), on the right panel MORFAC has been applied
after the front reaches the end of the domain (MORFAC-II)
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Figure 3.13: Initial computational domain of the simulation on a three-dimensional basin,
at the deepest cross section (x = 3.1 m)

Figure 3.14: Bed elevation at the end of the three-dimensional basin (t = 60 minutes), at
laboratory scale
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Figure 3.15: Comparison of the bed elevation at the end of the simulation (60 minutes)
using different values for MORFAC. In the left panel are the simulations where MORFAC
has been applied since the beginning (MORFAC-I), while on the right panel MORFAC has
been applied after the hydraulic jump stabilize in the basin (MORFAC-II)
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Figure 3.16: Spatial median diameter (D50) of the deposit, for the laboratory scale basin at
the end of the simulation (45 minutes). MORFAC (2, 5, 10) is applied from the beginning
of the hydrodynamic simulation (left panel) and after the flow reaches quasi-equilibrium
condition (right panel)
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CHAPTER 4
THE ‘FILL-AND-SPILL’ MODEL IN SUBMARINE MINIBASINSYE

4.

YESY YESY SY

Minibasins can be found on the continental slope around the world. The continental
slope of the Gulf of Mexico contains numerous mimibasins. They have an elliptical or
spherical shape with a steep inlet or proximal zone followed by an almost horizontal
ponded or basin zone. They are characterized by an overflow zone near the downstream
basin lip, and they may or may not be connected by submarine canyons. Turbidity currents
play an important role in moving coarse-grained material from the margins to the deep part
of oceans and they are responsible for a range of morphological features on the seabed by
siliciclastic sediment deposition. Minibasins have trapped thick sedimentary sections, some
of which contain sand deposits with excellent hydrocarbon reservoir properties and for this
reason the minibasins are economically important (e.g., Mahaffie 1994; Holman and
Robertson 1994; Winker 1996; Beaubouef and Friedman 2000; Badalini et al. 2000). When
turbidity currents reach a minibasin, they pond and start to deposit, developing a zone of
very slow-moving flow, characterized by highly Froude-subcritical flow within the basin,
where overflow may or may not occur (Lamb et al., 2006).
A variety of data sets are available from modern and ancient siliciclastic
depositional system in the deep marine setting (outcrop and subsurface) to allow better
understanding of the depositional process and the stratigraphic architecture of the deposit.
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Traditionally, petroleum industry research on deep-water sandstone has been carried out
by using conventional exploration data (2D and 3D seismic, well logs, cores) to better
understand the formation and development of subsurface system and outcrops of ancient
system (Badalini et al. 2000; Beaubouef and Friedman 2000; Pirmez et al. 2000). Most of
these studies have been focused to develop a depositional concept, in part driven by the
recognition that the deep-water Gulf of Mexico is a prolific petroleum province. These
analyses allowed to combine the information of the shallow slope settings with the deeper
subsurface formation, leading to a better understanding of controls on the stratigraphic
evolution of this region (Prather et al., 1998). The process by which the turbidity currents
fill the basins and erode channel is described by the ‘fill-and-spill’ conceptual model
(Winker, 1996).
More recently, experimental and numerical modeling have been used to simulate
the bed evolution in the submarine environment. Controlled laboratory and numerical
modeling can overcome the limitations of direct field observation, due to the
unpredictability and magnitude of these events. The objectives of these studies were to
develop a better understanding of the submarine flow and morphdynamic processes by
gathering more information on the turbidity current characteristics, and to investigate how
geometry and concentration affect the depositional process. Lamb et al. (2004, 2006),
Patacci et al. (2015), and Toniolo et al. (2006) conducted laboratory experiments to study
fully ponded current within the minibasin (surge versus continuous current). They
investigated characteristics and evolution of the turbidity current, and the effect of basin
geometry on the depositional process.
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The numerical simulations performed by Toniolo et al. (2006) had some inherent
limitations associated with layer-integrated formulation, especially regarding the vertical
structure of the flow. Khan and Imran (2008) developed a two-dimensional verticalstructure resolving model to overcome these limitations. They solved the ReynoldsAveraged Navier-Stoke equations using a finite volume method. They observed that the
current inflow characteristics (flow velocity and suspended sediment concentration) can
strongly influence the morphology of the deposit, and that larger sediment particles lead to
deposition while finer particles lead to erosion (by keeping the other parameters constant).
Notwithstanding the progress made during the past decade, the dynamics of
turbidity currents within minibasins and their depositional evolution are still poorly
understood. The objective of the present work is to combine the information from field
studies and seismic data on the depositional processes inside the minibasins, with the
information from laboratory simulations on the ‘fill-and-spill’ process and conduct
numerical simulations to study the evolution of the deposit in a minibasin, by
systematically changing the flow conditions. The generalized 3D numerical model
described in Chapter 2 is applied in 2D.
4.1. THE ‘FILL-AND-SPILL’ MODEL AND ACCOMMODATION SPACES
The ‘Fill-And-Spill’ Model
Turbidity currents are one of the principal agents by which clastic sediment have
been transported and deposited in deep-marine environments. Turbidities – deposits
created by turbidity currents – contain major hydrocarbon reserves in deep-marine
sedimentary sequences (Weimer and Link, 1991, Mahaffie 1994; Holman and Robertson
1994; Pettingill, 1998a, 1998b; Barley, 1999, Badalini et al. 2000). A simplified conceptual
model called ‘fill-and-spill’ has been used to describe the process by which the minibasins
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are filled (Winker 1996; Beaubouef and Friedman 2000), creating sand-rich deposits.
When a turbidity current enters a minibasin, it dives to the minibasin floor, moves forward
eventually hitting the downstream end; part of the turbidity current can overspill while the
rest creates an upstream migrating bore. A sharp interface separates the turbidity current
from the sediment-free water above. The hydraulic jump created by the upstream migrating
bore eventually stabilizes in space and the current starts to pond and deposit sediment inside
the basin. Concentration and grain-size distribution of the sediment in suspension in the
ponded zone tend to be relatively uniform in vertical and streamwise direction, resulting in
a weak tendency toward downstream fining and an almost uniform deposit thickness in the
basin (Lamb et al. 2006). When the accommodation space inside the basin decreases due
to the deposition process, the turbidity current starts to overspill from the downstream lip
and can create a localized area of erosion (Figure 4.1).
Accommodation spaces and sediment characteristics of the deposit fills
More recently, the discovery of hydrocarbon reservoirs in the deep waters, e.g.,
Campo Basin, Gulf of Mexico, West Africa, and Northwest Borneo, has led to significant
research on the continental slopes facilitated by high-quality marine 3D seismic volumes
(Beaubouef et al, 2003a-b; Prather et al., 2012). These data have enabled the development
of depositional models by integrating seismic stratigraphy of the sea floor.
The characteristics of the flow and the geometry of the minibasin system played an
essential role on the depositional process and on the shape of the deposit in submarine
minibasins. Different accommodation spaces are defined as the spaces between various
graded depositional profiles and they represent the amount of space available for sediment
deposition. Line-sourced slope system can be described with the term ‘apron’ (Prather et
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al., 2012), which in geomorphology is a laterally extensive deposit located at the base or in
front of its source.
When a turbidity current reaches a basin, reflects at the downstream lip and starts
to pond, the deposit is mostly located in the ponded accommodation space, which is the
space confined by elevated margins on all sides, below the three geometrical maximum
points of the basin (Figure 4.1). These deposits are mostly flat or gently sloping, and they
result from the containment of the flow in the minibasin (Beaubouef et al., 2003a;
Beaubouef and Friedmann, 2000; Beaubouef et al., 2003b; Toniolo et al., 2006a; Toniolo
et al., 2006b). The ponded deposits are further sub-divided in ‘low-relief’ and ‘high-relief’
ponded apron. The ‘low-relief’ ponded apron occurs at a lower elevation relative to the
spill point, and has the maximum thickness of the deposit at the center of the basin (Prather
et al., 2012). Phases, in which sedimentation exceeds subsidence or when the
accommodation space inside the basin decreases due to deposition, the space between the
minibasin floor and the spill point decreases, and the turbidity currents eventually overspill.
The depositional pattern changes with preferential sediment deposition in the proximal part
of the entrance of the minibasin, with high deposit thickness located towards the entrypoint channel (Prather et al., 2012). This type of deposit is called ‘high-relief’ ponded
apron. ‘High-relief’ ponded aprons have reflectors that converge by baselap and thinning,
and isochore planform with maximum thickness offset toward the entry-point channel.
Above the steeped-equilibrium profile formed across a series of filled ponded
basins develops the perched apron, which is the deposit located in the healed-slope
accommodation space (Prather, 2000). The maximum thickness of these deposits are offset
updip from the basin center, they have a thinner deposit both seaward and landward, and
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they are characterized by the presence of a bypass channel, sharp change of the slope
(knick-points), and/or a “gather zone” at the basin exit point which distinguish them from
the high-relief ponded aprons (Prather et al., 2012). On top of the healed-slope
accommodation space, up to the highest stable graded-slope angle, is the slope
accommodation space, which is influenced by the pore pressure within muds deposited on
the slope and so it varies spatially. Slope accommodation space is not been investigated in
this study.
4.2. LABORATORY SCALE APPLICATION OF THE MODEL TO SIMULATE
THE ‘FILL-AND-SPILL’ PROCESS
The validated model (Toniolo et al., 2006a, Figure 2.10 and Figure 2.11) is applied
at two-dimensional laboratory scale to investigate the depositional pattern and the current
characteristics (concentration and velocity) inside the basin as the basin fills. A turbidity
current with initial sediment concentration of 5% by volume is simulated for 5 hours, using
the initial conditions (Table 4.1) and geometry (Figure 4.2) analogous to the one used for
the validation of the model (Chapter 2).
The turbidity current enters the basin and reaches the downstream end creating an
upstream migrating bore (Figure 4.3A), which eventually stabilizes (Figure 4.3B). A
hydraulic jump separates the entrance zone characterized by super-critical flow and the
ponded area downstream, in sub-critical condition. The sediment concentration inside the
basin is almost constant in the vertical direction, a sharp interface separates the turbidity
current from the clear water above (Figure 4.3B), and in this phase the current density
increases in the basin. The turbidity current is strongly depositional inside the basin,
depositing preferentially in the ponded zone and in the upstream part of the basin, reaching
equilibrium conditions for the slope. As the bed elevation increases, the available
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accommodation space inside the basin decreases, and the interface between the turbidity
current and the clear water above moves in the upward direction, until the current
eventually starts to overspill from the downstream lip (Figure 4.3C).
As the turbidity current overspills from the downstream lip, the hydraulic jump
moves in the downstream direction (Figure 4.3D), and the concentration in the ponded zone
is less uniform in the vertical direction compared with the previous ponded phase. The
turbidity current reaches an equilibrium slope by depositing sediments at the entrance of
the basin (Figure 4.4). In the ponded area the deposit is tabular. As the turbidity current
starts to overspill from the downstream lip (red line in Figure 4.4 marks the bed elevation
at the time when the current starts to overspill from the basin), the thickness of the deposit
inside the basin decreases.
In this laboratory scale simulation, the geometry and the turbidity current
characteristics do not allow the clear formations of the aprons described by Prather et al.
(2012). It has been observed that one of the conditions for laboratory scale simulations to
be able to give a good representation of the field condition is that the water generated by
detrainment does not affect the flow field in the ambient fluid above the submerged
turbidity, and therefore, it can be assumed to be negligible (Toniolo et al., 2006a). In the
numerical simulations at laboratory scale, the clear water above the turbidity current is less
than 1 m deep, while in the field the turbidity current is usually submerged by kilometers
of clear water. This might be one of the reasons why the accommodation spaces fail to
develop. Furthermore, the scale of the laboratory scale applications compared with field
conditions can affect the development of the turbulence, and therefore, the deposit.
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4.3. FIELD SCALE APPLICATION
Field scale applications are critical to overcome the limitations of laboratory scale
simulations (Lamb et al., 2006) and to gain a better understanding of turbidity current
dynamics. Two-dimensional simulations have been performed in the intraslope saltwithdrawal basins or minibasins in the Brazos – Trinity Rivers system, in the Gulf of
Mexico. This area can be described as a structurally-ponded sediment body within three
salt-withdrawal minibasins (I, II, IV), a graben (III) (Winker 1996). This study has
considered turbidity currents entering Basin II and developing in Basin IV, by moving
through the western channel that connects Basin II with Basin IV.
A deep series (series 10, series boundary are high-amplitude reflectors, used to
determine the depth and orientation of rock formations) of the transect through BrazosTrinity Basin II and Basin IV, and the western channel that connects the two basins
(Prather et al. 2012), has been used for these simulations, as shown in Figure 4.5.
Different initial conditions (Table 4.2) have been considered to investigate the
effects of the grain size distribution and of the discharge on the deposit shape, and in
specific the formations of ponded and perched aprons (Prather et al. 2012). Uniform and
mixture conditions for four different sediment grain size diameters (D = 20, 40, 60, and 80
µm) have been considered for a total simulation time of two days. The grain size
distributions of the turbidity current used for the case of sediment mixture are shown in
Figure 4.6.
The current thickness (8 m) has been chosen based on the morphology of the
upstream basin (Basin II) to archive a half-filled upstream cross section. A benchmark
inflow velocity has been chosen (2 m/s) for all the simulations involving different grain
size distribution (Figure 4.6, uniform material: uni20, uni40, uni60, and uni80; and
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mixture: mix20, mix40, mix60, and mix80). In order to investigate the effect of the
discharge also a small (u = 1.5 m/s, simulations: uni60-s and mix60-s) and a large inlet
velocity (u = 2.5 m/s, simulations: uni60-l and mix60-l) have been considered.
The computational domain has been defined by 196 x 101 nodes, the grid size in
the longitudinal direction being 200 m and the near bed grid size = 0.5 m in the vertical
direction.
Results and discussions
In this section the results of the simulations reported in Table 4.2 are presented for
both uniform sediment and sediment mixture. First, the results of the investigation of the
effect of different mean diameter of the sediment in turbidity currents are presented. Then,
the comparison of the benchmark case of mean size diameter of 60 µm (uniform and
sediment mixture) for a small and a large current is shown.
Effect of the grains size
Figure 4.7 reports the total sediment concentration after two days for the four mean
sediment diameters. The total concentration in the color map ranges between 0 and 0.005%.
Both the conditions of turbidity current with uniform material (left panel Figure 4.7) and
sediment mixture (right panel) are presented, with characteristic diameters of 20, 40, 60,
and 80μm. The inlet velocity (2 m/s) and the total initial concentration (5%) for all the
simulations were the same. The black line represents the initial bed level.
The concentration of the turbidity current with the finest grainsize (uni/mix20) after
two days, is high in both Basin II and Basin IV (Figure 4.7A), which indicates that the
system does not trap sediment, and the current bypasses the basins. The upstream migrating
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bore generated from the reflection off the downstream flank of the basin, stabilizes at a
location that is in the proximal entrance for both the basins.
In the case of characteristic diameter of 40μm (uni40 and mix40), the concentration
in Basin II is higher than in Basin IV. A considerable amount of sediment reaches Basin
IV and the current overspills from the downstream end of Basin IV (Figure 4.7B).
Hydraulic jumps form in both basins and are located downstream compared with the
previous case (uni20 and mix20).
With the increase of the sediment characteristic diameter (Dg = 60 μm) the hydraulic
jump in Basin II moves farther in the downstream direction (Figure 4.7C). The
concentration in both Basins decreases considerably. In the case of sediment mixture
(mix60), a more sediment reaches Basin IV compared to the case with uniform sediment
due to the presence of finer sediment in the mixture at the inlet.
In the case of coarse turbidity currents (80μm, Figure 4.7D), the sediments are
mostly trapped in Basin II for both cases (uniform and sediment mixture).
Figure 4.8 presents the bed profiles every 12 hours, until the end of the simulation
(2 days). The deposit from the turbidity current driven by the finest sediment is very thin
in Basin II, creating the so-called ‘low-relief’ ponded apron (Figure 4.8A), which is in
accordance with the fact that most of the sediment leaves the system (Figure 4.7A).
The deposit pattern in Basin II from turbidity currents with characteristic diameter
of 40 μm is similar for the cases of uniform and sediment mixture. Thick deposit is mostly
located in the ponded zone of Basin II (Figure 4.8B) until one day of simulated flow (‘lowrelief’ ponded apron). Afterwards, the formation of thick deposits is observed in the
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upstream part of Basin II (‘high-relief’ ponded apron). The deposit thickness in Basin IV,
also for this case, is very modest.
In the case of turbidity current driven by uniform sediment of Dg = 60 µm (uni60)
the deposit is mostly located in the ponded zone of Basin II, with relatively thick deposit
at the entrance after one day of simulated flow (Figure 4.8C). With time, morphological
features appear on the deposit, which develops as a localized increase of the bed elevation
in the proximal flank of Basin II occurs creating a slope discontinuity. In the case of
sediment mixture (mix60), the deposit is thick and tabular, located on the proximal flank
of Basin II. Small morphological features developed after two days of simulated flow.
Figure 4.8D represents the evolution of the bed elevation for the case of turbidity
currents with characteristic sediment diameter of 80 µm (uni80 and mix80). In agreement
with the concentration field (Figure 4.7D), the sediment primarily deposits at the entrance
of the Basin II, creating tabular deposits.
As described, turbidity currents with uniform material of 40 μm and 60 μm (uni40
and uni60), and the turbidity current with sediment mixture with characteristic diameter of
40 μm (mix40) initially create a deposit that is thicker in the deepest part of the basin
(Figure 4.8B and C) until 24 hours, which can be identified as a ‘low-relief’ ponded apron.
With time, the deposit thickness increases in the proximal flank of the basin creating ‘highrelief’ ponded aprons. On the other hand, coarse turbidity currents (uni80 and mix80)
deposit preferentially at the entrance of Basin II creating tabular deposits.
Figure 4.9 shows the grain size distribution of the deposit (median diameter, D50)
in Basin II for the cases of turbidity currents driven by sediment mixture, after two days of
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simulated flow. The thin layer below the constructed stratigraphy represents the
information of the initial grain size distribution at the bed.
For the case run with fine sediment (mix20, Figure 4.9A), the deposit is mostly
‘low-relief’ ponded apron and coarser than the parental material. The case of turbidity
current with characteristic diameter of 40μm (mix40), shows fine deposit at the entrance
and in the downstream end of Basin II (downstream of the hydraulic jump, ponded zone Figure 4.7). Coarse and thick deposit is located at the deepest part of Basin II (Figure 4.9B).
As mentioned earlier, morphological features form at the bed characterized by coarse
sediment, which moves in the upstream direction.
The deposit created by a turbidity current driven by characteristic diameter of 60
µm (mix60) is mostly tabular, with fine material in the ponded zone (downstream of the
hydraulic jump) and coarse deposit at the proximal flank of the basin (Figure 4.9C), with a
tendency of downstream fining.
The stratigraphy of the deposit of the coarsest sediment case investigated in this
study (mix80) is reported in Figure 4.9D. Coarse deposit is preferentially located at the
entrance of Basin II, with tendency of downstream fining.
Effect of the discharge
In order to investigate the effect of the inflow discharge on the depositional pattern,
three different values of inflow velocity have been considered (u = 1.5 m/s, 2 m/s and 2.5
m/s). The characteristic sediment grain size diameter considered in these model runs is Dg
= 60 μm, for both cases of uniform and sediment mixture. Total flow duration is two days.
Initial bathymetry and all other parameters are kept equal to the previous section.
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The total concentration field of the sediment is reported in Figure 4.10. The left
panel shows the cases of uniform material, the right panel shows the cases of runs made
with sediment mixture. The top panel is the result of a simulation after two days, with small
velocity (u = 1.5 m/s), the panel in the middle is the result of the cases with medium velocity
(u = 2 m/s), and the bottom panel represents the case with high velocity (u = 2.5 m/s). The
increase of the current velocity, and as a consequence the discharge, significantly increases
the sediment concentration is the domain (Figure 4.10). Turbidity currents with sediment
mixtures result in overspilling basin II with a higher concentration and reaching Basin IV
(Figure 4.10 – left panel), compared with the case of uniform material (Figure 4.10 –right
panel).
In the case of small inflow velocity (u = 1.5 m/s; uni60-s and mix60-s), most of the
sediment is trapped in Basin II and only a small amount of turbidity current reaches Basin
IV (Figure 4.10A). With increasing of the inflow velocity and as a consequence the current
discharge, the sediment concentration in Basin IV increase (Figure 4.10B). Only for the
largest discharge case (mix60-l, u = 2.5 m/s, Figure 4.10C), there is significant overspill of
the current from the downstream lip of Basin IV (Figure 4.10C, right panel). The location
of the bore in Basin II does not change with the increase of the turbidity current intensity.
The deposit profiles are reported in Figure 4.11. For all the cases, the deposit is
preferentially located in Basin II. The deposits of the small turbidity currents (Figure
4.11A, u = 1.5 m/s; uni60-s and mix-60-s) is located mostly at the entrance of Basin II and
in its deepest part. With the increase of the inflow velocity there is an increase of the deposit
thickness in the ponded zone, compared with the previous case. In particular, the
depositional pattern of the medium turbidity current (uni60) until one day of simulated flow
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of uniform material, show the formation of ‘low-relief’ ponded apron. After that the
maximum deposit thickness moves in the upstream part of the ponded accommodation
zone, creating ‘high-relief’ ponded apron. In the case of sediment mixture (mix60), the
deposit is located at the proximal zone of Basin II; it is thick and tabular.
The uniform turbidity current with large inflow velocity (uni60-l, Figure 4.11C)
creates ‘low-relief’ ponded apron during the first day of simulated flow; after that (up to
two days), the maximum deposit thickness increases in the upstream part of Basin II,
creating ‘high relief’ ponded apron. After two days of simulated flow the deposit at the
entrance of Basin II increases in thickness, reaching above the spill point. This type of
deposit can be identified with perched aprons. The case with same inflow conditions, but
characterized by sediment mixture (Figure 4.11C – right panel), creates thick and tabular
deposit that is mostly located at the entrance of Basin II.
The grain size stratigraphy of the deposit (Figure 4.12) shows a tendency of
downstream fining for all the cases (mix60-s, mix-60 and mix60-l). As Basin II fills with
sediment, coarse sediments are deposited following an upstream migrating pattern.
4.4. SUMMARY
The process by which submarine minibasins are filled by turbidity currents is called
the ‘fill-and-spill’ model. Conventional exploration data (2D and 3D seismic, well logs,
cores) are used to develop depositional models to describe the evolution of the bed deposit
inside the minibasin. A two-dimensional numerical model is applied at laboratory and field
scale application to develop insight into the depositional pattern and stratigraphy of
minibasin turbidite.
The laboratory scale numerical simulations show the evolution of the ‘fill-and-spill’
scenario, the creation of the hydraulic jump that moves in the upstream direction until it
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stabilizes, creating a zone of constant concentration in the vertical direction (ponded zone).
The turbidity current starts to overspill when the accommodation space inside the basin
decreases. As the current starts to overspill the thickness of the deposit inside the basin
decreases, following the depositional model developed for the minibasins in the Gulf of
Mexico.
The model has been applied at field scale using a two-dimensional initial
bathymetry from Prather et al. (2012). The model has been applied with uniform and
sediment mixture. The turbidity current, similar to the laboratory scale simulations,
develop a hydraulic jump after it reflects from the downstream lip of the basin. A zone
characterized by small or negative velocities develop near the bed (reflection zone). As the
turbidity current fills the basin the hydraulic jump moves in the downstream direction.
When accommodation space inside the basin decreases, the turbidity current starts to
overspill from the downstream end, and it may create a zone of erosion. The turbidity
current initially creates a ‘low-relief’ ponded apron in Basin II. As it starts to overspill the
deposit is preferential in the upstream part of the ponded accommodation space, the so
called ‘high-relief’ ponded apron, until it creates perched aprons which are deposits located
above the basin spill point.
The upstream basin traps most of the turbidity current sediment, especially the ones
containing coarser sediments. In the case of fine sediment mixture, the fine sediments
overspill from the downstream lip of the domain. Turbidity currents with larger
characteristic diameter deposit preferentially at the entrance of the basin, compared with
those with a smaller diameter. Overall, the grain size distribution of the deposit in Basin II
does not change much in the vertical and longitudinal direction. The deposit thickness
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increases with an increase of the current intensity, but the shape and the grain size
distribution of the deposit do not change. In the case of smaller grain sizes (40 μm and 60
μm) there is a formation of morphological features at the bed, due to the formation of ‘lowrelief’ and ‘high-relief’ ponded aprons. Coarser turbidity currents create a thick and tabular
deposit at the entrance of the computational domain (Basin II).
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Table 4.1: Initial conditions of two-dimensional laboratory scale application to simulate
the ‘fill-and-spill’ model
Parameters
Inflow current thickness, hin [cm]

1.00

Inflow velocity, uin [m/s]

0.10

Inflow sediment concentration, cin [m3/m3]

0.05

Geometric mean size of particles, Dg [μm]

45.00

Submerged specific gravity, R

1.65

Inflow Frd

1.11

Total simulation time [min]

60.00

Table 4.2: Initial conditions of two-dimensional field scale simulations
mix/uni
20

mix/uni
40

mix/uni
60

mix/uni
80

Inflow current
thickness, hin [m]

8

8

8

8

8

8

Inflow velocity, uin
[m/s]

2

2

2

2

1.5

2.5

0.05

0.05

0.05

0.05

0.05

0.05

Geometric mean size
of particles, Dg [μm]

20

40

60

80

60

60

Geometric standard
deviation, σg

1.6

1.33

1.32

1.27

1.32

1.32

Submerged specific
gravity, R

1.65

1.65

1.65

1.65

1.65

1.65

2

2

5

2

2

2

Parameters

Inflow sediment
concentration, cin
[m3/m3]

Total simulation time
[day]
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mix/uni mix/uni
60-s
60-l

Figure 4.1: Evolution in time of the formation of the deposit inside the minibasin according
with the ‘fill-and-spill’ model.

Figure 4.2: Initial bed profile used for the 2D laboratory scale simulations on minibasin
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A

B

C

D
Figure 4.3: Density field of a turbidity current flowing through the basin (from left to right)
at 6 min (A), 12 min (B), 72 min (C) and 4 hours (D). Contour legends are given in kg/m3
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Figure 4.4: Bed elevation every 20 minutes (grey lines) until 5 hours of simulation at
laboratory scale, using uniform material. The black line represents the initial bed and the
red line represents the bed elevation at the time when the current starts to overspill

Figure 4.5: Initial bed profile of the two basins in series (Basin II and IV) used for the field
scale applications, seismic series 10 from Prather et al. (2012).
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Figure 4.6: Grain size distribution of the sediment mixtures used for the 2D field scale
simulations on minibasins
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C

D
Figure 4.7: Total concentration profiles after two days of field scale simulations, turbidity
current with different grain sizes, for the case of uniform material (left panel; uni20, uni40,
uni60, uni80) and sediment mixture (mix20, mix40, mix60, mix80). The black line
represents the initial bed.
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D
Figure 4.8: Bed evolution in time (every 12 hours) of field scale simulations of turbidity
current with uniform material (uni20, uni40, uni60, uni80) on the left panel, and mixture
on the right panel (mix20, mix40, mix60, mix80)
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Figure 4.9: Median diameter (D50) of the stratigraphy of the deposit in Basin II, after two
days of simulated flow. Case of turbidity currents with sediment mixtures with different
mean size diameter (mix20, mix40, mix60, mix80)
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C
Figure 4.10: Total concentration profiles after two days of field scale simulations (uni60s, uni60, uni60-l), with turbidity current with uniform material (60 μm) and different inflow
velocities (u = 1.5, 2.0, 2.5 m/s) on the left panel. The case with mixtures (mix60-s, mix60,
mix60-l) on the right pannel. The black line reppresent the initial bed.
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Figure 4.11: Bed evolution in time (every 12 hours) of field scale simulations, turbidity
current with uniform material (60 μm) and different inflow velocities (uni60-s, uni60,
uni60-l) on the left panel. The case of sediment mixture is reported in the right panel
(mix60-s, mix60, mix60-l)
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Figure 4.12: Median diameter (D50) of the stratigraphy of the deposit of sediment mixture
simulations with different current. Small, medium and large current (mix60-s, mix60,
mix60-l) in Basin II.
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CHAPTER 5
NUMERICAL INVESTIGATION OF DEPOSITION IN INTRASLOPE
MINIBASINSY

5.

ESY

Intraslope salt- or shale-based basins or minibasins can be observed in both modern
and ancient sedimentary settings, for example on the seafloor of the Gulf of Mexico
(Pratson and Ryan, 1994; Badalini et al., 2000; Beaubouef and Friedmann, 2000), offshore
of Trinidad and Tobago (Brami et al., 2000) and offshore Angola (Schollnberger and Vail,
1999). Minibasins were formed by the movement of layers of salt or mud in the subsurface
(Violet et al. 2005), and they trapped thick layers of sediments transported by turbidity
currents and other type of submarine flows, some of which contain excellent hydrocarbon
reservoir properties (Toniolo, 2006).
Submarine minibasins are in general characterized by an elliptical or spherical
shape with a steep inlet or proximal zone followed by an almost horizontal zone and an
overflow zone near the distal end of the basin (Worrall and Snelson, 1989; Sumner et al.,
1991; Pratson and Ryan, 1994), and they may or may not be connected by submarine
canyons (Satterfield and Behrens, 1990; Winker, 1996; Beaubouef and Friedmann, 2000;
Pirmez et al., 2000, Liu and Bryant 2000).
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This chapter focuses on the simulation of the three-dimensional characteristics of
the turbidity currents and their deposits in intraslope minibasins. The study is performed
with the in-house built numerical model presented in Chapter 2. The model is applied at
the field scale using the modern seafloor bathymetry of the Brazos-Trinity system in the
Gulf of Mexico.
Sedimentation in intraslope minibasins has been studied with the collection and
interpretation of field observations (i.e. Winker, 1996; Badalini et al., 2000; Beaubouef and
Friedmann, 2000; Prather et al., 2000; Prather et al., 2012; Pirmez et al., 2012), the
performance of laboratory experiments (i.e. Lamb et al., 2004 and 2006, Toniolo et al.,
2006) and numerical modeling (Beaubouef et al., 2003a-b; Toniolo et al., 2006; Khan and
Imran, 2008). This notwithstanding, questions regarding how the characteristics of the
turbidity currents and of the deposit vary depending on the turbidity current magnitude,
and on the grain size distribution of the transported sediment still need to be answered. The
numerical simulations presented in this chapter were specifically designed to answer the
above questions.
This chapter is organized as follows: first a brief description of the turbidity current
characteristics relevant to this study is presented. The validated model (Chapter 2) is used
to simulate turbidity currents on the present seafloor of the Gulf of Mexico in the area of
the Brazos-Trinity system. The results of the field scale simulations are discussed, and the
main finding are summarized.
5.1. TURBIDITY CURRENT MORPHODYNAMICS RELEVANT TO THIS
STUDY
When a turbidity current reaches the distal flank of a minibasin, it is reflected, and
an upstream migrating bore forms (Kneller et al., 1991; Edwards, 1993). Laboratory
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experiments by Lamb et al. (2005), Toniolo et al. (2006) and Sequeiros et al. (2009, a b)
with sustained currents in 2D configuration, i.e. no changes in the direction transverse to
the main flow direction, demonstrated that after the current reflection the migrating bore
travels upstream until it stabilizes, i.e. reaches a relatively stable position in space. This
stable position slowly migrates downstream due to the deposition of sediment in the
minibasin (Lamb et al. 2004, Toniolo et al., 2006 and 2007). Downstream of the stable bore
position, the current is characterized by relatively small velocities with a sharp, clearly
identifiable interface separating the turbidity current from the ambient water. Turbidity
currents with these characteristics are called ponded currents and the portion of the basin
occupied by a ponded turbidity current is called ponded area (Prather, 2000).
Experimental work performed in a 2D configuration with well sorted sediment
showed that the vertical profiles of suspended sediment concentration in the ponded zone
are relatively uniform, i.e. there is a small variation of concentration in the direction normal
to the basin floor (i.e. Lamb et al., 2004, 2006).
A parameter commonly used to characterize the turbidity current is the densimetric
Froude number (Sequeiros et al., 2009; Sequeiros 2010, Sequeiros 2010; Garcia, 1990,
Parker et al. 1986) defined as:
𝐹𝑟𝑑 =

𝑈
√𝑅𝑔𝐶ℎ

where U, h and C are the depth-averaged velocity, flow thickness and suspended sediment
concentration respectively, R is the submerged specific gravity of the sediment and g is the
acceleration of gravity. When Frd is smaller than unity, the flow is called subcritical.
Ponded turbidity currents have very small values of Frd.
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5.2. 3D MODEL VALIDATION AT LABORATORY SCALE
The model was tested against the results of 3D experiments performed at the
University of Illinois, Urbana-Champaign. The experimental setup is presented in Figure
5.1. Water and sediment were mixed in a head tank. The mixture was then released in a
model canyon connected to two linked fiberglass minibasins. The model was located in a
larger flume filled with tap water. Data collected in the first basin were used for model
validation.
During the experiments, repeated sustained 20 minutes-long turbidity currents were
released to study sedimentation in 3D intraslope minibasins in the case of non-uniform
material. The experiments commenced with the release of a turbidity current in the empty
fiberglass model and the successive currents were released on the previously emplaced
deposit. High-resolution, laser-based bathymetry measurements were collected at the end
of each release to characterize the depositional pattern.
Initial conditions
The laser-based bathymetry of the fiber-glass laboratory minibasin was used as
initial condition for the first numerical simulation. The numerically generated bed from the
flow was used as the initial condition for the following run. The information on five
different runs considered for numerical modeling are presented in Table 5.1.
The grain size distributions of the sediment used in the experiments and in the
model validation runs are shown in Figure 5.3. The geometric mean size of this material
was 15 μm, the median grain size was 19 μm and the geometric standard deviation was
2.27.
In the model validation runs the following parameters were specified: submerged
specific gravity of the sediment, R = 1.60; porosity of the deposit, λ = 0.4; and ambient
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fluid density, ρ = 1,000. The computational domain of the basin consisted of 45 x 31 nodes,
56 nodes in the vertical direction and the near bed size of the cell was 1 mm.
Results
The comparison between the experimental results and the numerical simulations is
presented in terms of bed elevation at the end of each run in Figure 5.4 where the color
scale represents the deposit thickness in meters. The experimental results are reported in
the left panels and the numerical simulations in the right panels. In run 1 and 2 preferential
deposition occurs in the deepest area, at the center of the basin. A reasonably good
agreement between numerical and experimental simulations can be observed especially at
the end of the second run. The differences between numerical and experimental deposits
on the proximal flank of the basin are partially due to details of the experimental setup that
are not reproduced in the numerical model. Notwithstanding the differences in depositional
pattern, the comparison between numerical and experimental data shows a reasonably good
agreement.
The good agreement between model simulations and experiments is also shown in
Figure 5.5, where the temporal evolution of the deposit in the strike direction at 2.87 m and
3.31 m from the basin entrance (location of siphon 1 and 3) is presented. At 2.87 m from
the basin entrance the model is able to capture the formation of an asymmetric deposit with
respect to the center of the cross section. A similar deposit asymmetry was observed in the
experiments in runs 3-5. In the distal part of the basin, at a distance of 3.31 m from the
basin entrance, the deposit in runs 3-5 was not as thick as in the proximal part of the basin
and remained symmetric with respect to the center of the cross section.
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Figure 5.6, Figure 5.7, and Figure 5.8 report the comparison of the vertical profiles
of the total sediment concentration at the three siphon locations, highlighted in Figure 5.2
(1, 2, 3) (left panel). The concentration measured during the experiments is the dashed
series, and the continuous line is the numerical simulated profile
The right panel of Figure 5.6, Figure 5.7, and Figure 5.8 present the comparison of
the fraction (vertical axes) of each grain size (horizontal axes). Each series represents a
location in the vertical direction (with z1, z2, z3 the locations in the vertical direction which
are the same as those used for the comparison of the total vertical concentration). The series
z1-s represents the sediments fractions of the turbidity current at the closest point to the
bed computed numerically, while z1-e is the sediment fractions measured during the
experiments. Moving in the vertical direction of the profile so that the point is located
farther from the bed, increases the series number (z2-e and z2-s). In each of the three
figures, the profiles at the end of every run are reported: the top panel represents Run 1,
and the bottom panel represents Run 5. The simulations capture the trend of the vertical
total concentration; a better agreement between experimental and simulated profiles is
found in successive runs (Run 4 and Run 5).
5.3. APPLICATION OF THE MODEL AT FIELD SCALE - TURBIDITY
CURRENTS IN SUBMARINE MINIBASINS IN THE GULF OF MEXICO
The minibasin system on the continental slope in the Gulf of Mexico is in the
proximity of the shelf-slope break. It has an area approximately of 84 km in the lateral
direction and 108 km in the longitudinal direction, characterized by the presence of four
minibasins (Figure 5.9): Basin I is the basin closest to the shelf; a canyon connects this
basin with Basin II and Basin III. Basin II and III are both connected by two different
canyons to Basin IV.
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The study area is a 25 km wide and 35 km long portion of the Brazos-Trinity system
where Basins II, III, and IV are located. The canyon that connects Basin II to Basin IV is
steeper than the canyon connecting Basin III to Basin IV. Basin IV is a large basin located
in the distal part of the study area; it is bounded by steep flanks and it is only connected by
canyons to Basin II and III. In other words, the modern seafloor of the Gulf of Mexico does
not show any canyon connecting Basin IV to the rest of the continental slope in the downdip
direction.
To perform the 3D simulations presented in this chapter the seafloor bathymetry
has been smoothed to avoid numerical problems induced by grid skewness. In particular,
the smoothing was done with MATLAB using the function interp2, which applies linear
interpolation between points. The computational domain has been discretized with 229 x
93 nodes in the horizontal plane, 61 nodes in the vertical direction and with a near bed cell
height of 0.5 m.
Description of the numerical runs
The modern seafloor bathymetry of the study area is presented in Figure 5.10 in
terms of water depth, with blue colors denoting the deepest areas. Contour lines have been
drawn every 20 m. The white dashed lines identify the locations of the stratigraphic
sections described in the continuing of this chapter. The numerical simulations presented
in the continuing of this chapter primary focus on the sedimentation in Basin IV.
Figure 5.10 clearly shows that turbidity currents can enter Basin IV from two
canyons. Canyon I connecting Basin II to Basin IV, and Canyon II connecting Basin III to
basin IV. To investigate how deposition in Basin IV changes with the turbidity current
path, i.e. entrance from Canyon I or Canyon II, two different conditions were considered.
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In one case, the turbidity current entered from Basin II (blue arrow in Figure 5.10). In the
other case, the turbidity current entered from the canyon (red arrow in Figure 5.10) and
reached Basin III. In the continuing of this chapter, the case of the turbidity current from
Basin II is referred to as ‘entrance from the basin’ condition, and the case of the turbidity
current entering Basin III from the canyon is referred as ‘entrance from the canyon’.
The model upstream boundary condition was expressed in terms of flow velocity
and suspended sediment concentration at the entrance cells either located in Basin II or in
the canyon. In all the simulations the inlet velocity was set equal to 2.5 m/s and the
volumetric suspended sediment concentration equal to 2%. The width of the entrance
boundary condition for the flow was set constant, and different current heights were
specified to vary the turbidity currents magnitudes (entrance velocity constant for all the
simulations). The ‘small’ current occupied the lowermost ¼ of the inlet cross section
(entrance from the basin: Q =15,000 m3/s – entrance from the canyon: Q = 500 m3/s.). The
‘medium current’ occupied the lowermost ½ cross section (entrance from the basin: Q =
30,000 m3/s – entrance from the canyon: Q = 1,000 m3/s.). The ‘large current’ occupied the
entire height of the inlet cross section (entrance from the basin: Q = 60,000 m3/s – entrance
from the canyon: Q = 2,000 m3/s.).
A schematic diagram of the different entrance conditions is presented in Figure
5.11. A close look at Figure 5.11 shows that the entrance cross section in Basin II was
significantly wider and deeper than the cross section of the canyon entering Basin III and
this resulted in larger turbidity currents in the simulations with entrance condition from
Basin II than in the simulations with entrance condition from the canyon and Basin III.
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To investigate the role of the sediment size distribution on the turbidity current flow
and on the emplaced deposit, three simplified sediment size distributions were considered.
These simplified distributions were made of the same volume fraction content (50%) of
two grain sizes, one characterizing the fine sediment and equal to 20 m and the other
characterizing the coarse sediment fraction and equal to 80 m, 100 m or 130 m.
An unimodal grain size distribution with five characteristic grain sizes with
geometric mean diameter equal to 40 µm and median diameter (D50) equal to 41.2 µm
(Figure 5.12), close to the geometric mean size of the of the 20 µm – 100 µm simplified
mixture, was considered to investigate the sensitivity of the model results to the specified
sediment size distribution. The inlet concentration in these simulations was set equal to 5%
and this resulted in higher sediment flow rates than the other simulations (inlet flow
velocity used in this simulation was the same as the one used before, 2.5 m/s).
These conditions are summarized in Table 5.2 in terms of entrance conditions
(entrance from the basin or from the canyon), flow rates (small-medium and large currents),
sediment characteristics (sediment grain sizes and concentration). The duration of the
simulated turbidity current was two days.
Results
This session is organized as follow. First results showing the time evolution of the
large currents entering the study area from the basin and from the canyon are discussed in
detail. Then, the effects of the sediment size distribution on the flow and deposit pattern
are presented.
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Effect of the entrance condition
The spatial changes in current velocity at 2.5 m from the basin floor is presented in
Figure 5.13, where the color scale represents the velocity magnitude and the contour lines
are the initial bathymetry. The top panels present the current velocity after 8 hours (left)
and 16 hours (right), for the case of a large turbidity current entering from the basin. The
current velocity after 8 hours (left) and 16 hours (right) for the large current entering from
the canyon are shown in the two bottom panels.
The panels of Figure 5.13 show that, notwithstanding the entrance condition, in the
case of a large turbidity current Canyon I and Canyon II are both active and the turbidity
currents enter Basin IV from two different locations. In the case of the large current
entering from the basin (top panels), the current reaches the downstream flank of Basin IV
and is reflected in the first 8 hours of simulated time. Two zones of negative velocity, which
are the result of the current reflection on the downstream flank, are clearly visible in the
top right panel of Figure 5.13. Velocities up to 5 m/s characterize the flow in Canyon I,
while the velocity magnitude in Canyon II is somewhat smaller suggesting that the turbidity
current in Canyon I is larger than the turbidity current in Canyon II. After 16 hours of
simulated time, the zones of negative velocity are still clearly visible in Basin IV (left top
panel of Figure 5.13) but the velocity magnitude in the canyons is smaller than after 8 hours
of simulated time. This suggests that after 16 hours of simulated time the current reflection
on the downstream flank of Basin IV is playing a significant control on the flow
characteristics in the canyons.
In the case of large turbidity current entering from the canyon (bottom panels) after
8 hours of simulated time the current has not yet reached the downstream flank and velocity
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higher than 2 m/s are predicted in Canyon I and Canyon II. After 16 hours of simulated
time a zone of negative velocities associated with the current reflection on the downstream
flank is clearly visible in the distal part of Basin IV. A comparison between the areas of
negative velocity of Figure 5.6 suggests that the magnitude and the entrance condition of
the turbidity current play a significant control on the characteristics of the current
reflection. It is thus reasonable to expect that these differences in the flow reflection will
affect sedimentation patterns in Basin IV.
The comparison of the densimetric Froude number for the cases of large turbidity
currents entering from the minibasin (top) and from the canyon (bottom) after two days i.e.
at the end of the simulations, is reported in Figure 5.14 where the color scale represents the
magnitude of Frd and the contour lines are the initial bathymetry.
Densimetric Froude numbers close or greater than one were observed in Canyon I
(the canyon connecting Basin II with Basin IV) and in the upstream part of Canyon II (the
canyon connecting Basin III with Basin IV) with largest values of Frd occurring in canyon
I. The densimetric Froude number in Basin IV is smaller than 0.4 suggesting the formation
of a ponded turbidity current and the presence of the transition from a relatively fast to a
ponded current occurring in Canyon II and at the exit of Canyon I, when the flow becomes
laterally unconfined.
The evolution of the deposit thickness for a large current entering from Basin II is
presented in Figure 5.15 where the color scale represents the deposit thickness and the
contour line the initial bathymetry. The panels of Figure 5.15 (from the top to the bottom)
show the deposit thickness after 8, 16, 24 and 48 hours of simulated time. In the first day
simulated time (8, 16 and 24 hours) the turbidity current preferentially deposits in Basin II
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and in the central part of Basin IV at the exit of Canyon I. Limited deposition is observed
at the exit of Canyon II confirming that the turbidity current in Canyon I was significantly
larger than the current in Canyon II, as suggested by the velocity distribution of Figure
5.13. Erosional areas are predicted in and around the canyons.
After two days of simulated time (fourth panel of Figure 5.15) the highest deposit
thickness occurs in Basin II, in the central and deepest part of Basin IV, and on the proximal
flank of Basin IV. Minor deposition can also be observed in Basin III confirming that a
relatively small turbidity current spilled from Basin II into Basin III. Finally, significant
erosion was observed in the neighboring areas of the canyons.
The thickness of the deposit emplaced by the large current entering from the canyon
after 8, 16, 24 and 48 hours of simulated time is presented in the panels of Figure 5.16 (8
hours at the top and 48 hours at the bottom), where the color map represents the deposit
thickness, and the contour lines characterize the initial bathymetry.
After 8 hours of simulated time (top panel of Figure 5.16), i.e. prior to the current
reflection on the distal basin flank (Figure 5.13), the deposit in Basin IV is located at the
exit of the two canyons on the proximal flank of the basin. After 16 and 24 hours of
simulated time (second and third panels of Figure 5.16), i.e. after the current reflection,
preferential deposition is still observed on the proximal flank of Basin IV. Erosional areas
are predicted around the connecting canyons. After two days of simulated time (panel 4 of
Figure 5.16) the highest deposition is still observed at the exit of the canyons, but
significant deposition also occurred in the central and deep part of the basin.
In summary, in the case of a relatively large turbidity current entering Basin IV
(entrance from the basin) the maximum thickness of the deposit is observed in the central
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and deep part of Basin IV. When the turbidity current magnitude decreases (entrance from
the canyon), the maximum deposit thickness is observed at the exit of Canyon I and Canyon
II, i.e. on the proximal flank of Basin IV. This result suggests that the magnitude of the
turbidity current relevant to the basin size controls the depositional pattern in submarine
minibasins and should be accounted for in the interpretation of field data.
Effect of the sediment size distribution on the deposit
The influence of the sediment size distribution on the characteristics of the
emplaced deposit have been investigated by comparing the deposit thickness and the
fraction of the coarse grain of the bed surface sediment after two days of simulated time,
for the case of medium current with simplified sediment distributions with characteristic
grainsizes equal to 20 μm and 80 μm; 20 μm and 100 μm; and 20 μm and 130 μm.
The results are presented in Figure 5.17 in terms of deposit thickness at the end of
the numerical simulations for medium current with the entrance condition from the basin.
The color map of Figure 5.17 is the deposit thickness and the contour lines represent the
initial bathymetry. The top panel of Figure 5.17 represents the deposit thickness for a
turbidity current transporting relatively fine sediment (20 μm – 80 μm), the middle panel
of Figure 5.17 pertains of the case of turbidity current transporting sediment with
characteristic grain sizes of 20 μm for the fine material and 100 μm for the coarse material.
The bottom panel of Figure 5.17 refers to the case of a turbidity current transporting
relatively coarse material (20 μm – 130 μm).
The comparison between the three panels of Figure 5.17 shows that i) preferential
deposition of sediment occurred at the canyon exits and in the central and deep part of basin
IV; ii) as the size of the coarse sediment of the simplified mixture increased from 80 μm to
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130 μm, the Basin IV deposits became thicker and wider; and iii) the maximum erosion of
the areas surrounding Canyon I were observed in the run with the coarsest sediment size.
It is important to note here that a significant portion of the Basin IV deposits in the runs
with coarse sediment sizes equal to 100 μm and 130 μm might be associated with the
erosion of Canyon I and Canyon II.
Deposit thickness maps at the end of the simulations for the case of medium
turbidity currents entering from the canyon are presented in Figure 5.18, where the top
panel refers to the case of simplified grain size distribution with characteristic grain sizes
equal to 20 μm and 80 μm. The results of the central panel pertain to the simulations with
a simplified sediment size distribution and coarse grain size equal to 100 μm. The results
of the simulation with an idealized sediment size distribution and coarse grain size equal
to 130 μm are in the bottom panel of Figure 5.18.
Noting that the magnitude of the medium turbidity entering from the canyon is
smaller than the magnitude of the current entering from the basin, the depositional pattern
is significantly different than that presented in Figure 5.17 (entrance condition from the
basin). In the case of a relatively small turbidity current (Figure 5.18) preferential
deposition occurs on the proximal flank of Basin IV at the exit of the canyons.
The spatial distribution of the coarse sediment fraction at the end of the simulations
is presented in Figure 5.19 and Figure 5.20, where the color maps represents the volume
fraction content of coarse sediment and the contour lines are the initial bathymetry. The
results in Figure 5.19 pertain to the simulations with entrance condition from the basin, and
the result in Figure 5.20 refer to the simulations with entrance condition from the canyon.
The results of the simplified sediment mixture 20 μm - 80 μm, 20 μm - 100 μm, and 20 μm
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- 130 μm are in the top, middle and bottom panels of Figure 5.19 and Figure 5.20
respectively.
Figure 5.19 shows that in the case of a turbidity current entering from the basin the
grain size distribution of the bed surface sediment in the areas characterized by erosion is
equal to the grain size distribution of the parent material. In the areas characterized by
deposition, the surface sediment is coarsest where the deposit is thickest. It is interesting to
note here that the largest spatial variability of the coarsest sediment size is observed in the
run with the coarsest grain size equal 80 μm, i.e. when the difference between the two
characteristic grain sizes is smallest and the deposit thickness is relatively small.
In the case of a medium turbidity current entering from the canyon (Figure 5.20),
which is smaller than the turbidity current of Figure 5.19, coarse bed surface sediment is
still deposited where the deposit is thickest, i.e. on the proximal flank of the basin at the
canyon exits, but the spatial variability of the volume fraction content of coarse sediment
in Basin IV is larger than in Figure 5.19.
Effect of the current intensity on the deposit
The effect of the current intensity (small – medium – large) on the deposit thickness
and the grain size distribution of the bed surface sediment is investigated for the case of a
simplified sediment size distribution and characteristic grain sizes equal to 20 μm and 100
μm, and duration of two days of simulated time.
Figure 5.21 shows the deposit thickness for the case of turbidity currents entering
from the basin, with bimodal gran size distribution characterized by small diameter of 20
µm and coarse diameter of 80 µm. The color map denotes the deposit thickness and the
contour lines represent the initial bathymetry. The top, middle and bottom panels of Figure
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5.21 respectively show the results of the simulations with small, medium and large turbidity
currents. The comparison between the panels of Figure 5.21 reveals that the deposit
thickness increases with the current intensity, but the main features of the depositional
pattern do not change. The deposit is located on the proximal flank of the basin at the
canyon exits and in the central and deep part of the basin. In the case of the large current,
which overspills to Basin III significant deposition is also observed in Basin III.
The deposit thickness for the case of a turbidity current entering from the canyon is
presented in Figure 5.22. Due to the small current intensity compared to the case of Figure
5.21, the deposits in Basin IV present similar characteristics, i.e. preferential sediment
deposition occurred on the proximal basin flank at the canyon exits. A close look at Figure
5.15 reveals a slight increase in deposit thickness with increasing turbidity current intensity.
The comparison of the volume fraction content of surface sediment with
characteristic diameter equal to 100 µm at the end of the numerical runs is presented in
Figure 5.23 and Figure 5.24, for the cases of current entering from the basin or from the
canyon respectively. The color scale represents the volume fraction content of coarse
sediment in the bed surface and the contour lines the initial bathymetry. The top, central
and bottom panels of Figure 5.23 and Figure 5.24 respectively refer to the cases of small,
medium and large turbidity currents.
Figure 5.23 and Figure 5.24 show the presence of coarse bed surface sediment in
the area characterized by net deposition. As previously observed in Figure 5.19 and Figure
5.20, a larger variability of coarse surface sediment fraction is observed in the case of
relatively small currents suggesting that the characteristics of the flow may significantly
change based on the turbidity current magnitude relative to the basin size.
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The spatial distribution of grain sizes in the deposit created by a large current
entering from the basin (grain size distribution of the current: 20-100 µm) at the three cross
sections indicated in Figure 5.10, Figure 5.21 and Figure 5.23 (bottom panels) is presented
in Figure 5.25, where the color scale represents the volume fraction content of coarse
sediment (D = 100 µm). The top, central and bottom panels of Figure 5.25 respectively
refer to the strike sections respectively located at 20 km, 23 km and 27 km from the
proximal boundary of the computational domain (Figure 5.21 and Figure 5.23, bottom
panels), i.e. where the numerical turbidity currents are released. The cross sections of
Figure 5.25 show that the final deposit has a tabular shape, it is thickest in the deepest areas
of the basin and is entirely composed of coarse material.
Effect of the turbidity current sediment size distribution
To investigate how the number of sediment sizes used to describe the sediment size
distribution may affect the numerical results in terms of 1) deposit thickness, 2) surface
sediment characteristics, and 3) spatial distribution of the sediment sizes in the deposit, a
simulation with a small and a large turbidity current carrying a sediment size distribution
with 5 characteristic grain sizes was performed. The inlet volumetric suspended sediment
concentration was equal to 5%.
The deposit thickness, and spatial distribution of surface sediment sizes and
sediment sizes in the deposit of the run with 5 characteristic grain sizes is presented in
Figure 5.26 - Figure 5.29, for the case of a large and a small turbidity currents entering
from the basin respectively.
The deposit thickness at the end of the simulations are presented in Figure 5.26 in
which the results pertaining to the simulation with the small current are in panel (a) and
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those pertaining to the simulation with the large current are in panel (b). The deposits of
Figure 5.19 present the same characteristics of the deposits emplaced in the simulations
with the simplified sediment mixture. In the case of a small current, preferential deposition
occurs on the proximal basin flank at the canyon exits. In the simulation with a large
current, preferential deposition occurs in the central and deep part of the basin. A close
look at Figure 5.26a reveals that the deposit in the simulations with 5 characteristic grain
sizes is not as thick and localized as in the case of the simplified grain size distribution of
Figure 5.21.
The spatial distribution of the median grain size (D50) of the surface sediment at the
end of the simulations is presented in Figure 5.20, with the results for the simulation with
a small current in panel (a) and the results of the large current simulation in panel (b). The
color scale represents the median grain size, the black arrow indicate the median grain size
of the sediment mixture used in the simulation (40.2 m) and the contour lines are the
initial bathymetry. The comparison between Figure 5.27 and the spatial distributions of bed
surface sediment in the case of the simplified sediment mixtures considered above (Figure
5.23, top and bottom panels) reveals that when more characteristic grain sizes are used to
describe the sediment size distribution the difference in grain size between erosional and
depositional areas is not as strong as in the case of two characteristic grain sizes.
Notwithstanding the number of grain sizes used in the simulations, coarse material is
deposited on the bed surface where the deposit is thickest, and finest material is deposited
in the distal part of Basin IV. Interestingly, the bed surface sediment in the distal part of
Basin IV is coarsest at the end of the simulation with the large turbidity current.
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The spatial distribution of grain sizes in the three strike sections of Basin IV
indicated in Figure 5.10 is presented in Figure 5.28, for the case of the large turbidity
current of Figures Figure 5.26b and Figure 5.27b. The color map of Figure 5.28 represents
the sediment median diameter (D50). The most upstream cross section located at 20 km
from the proximal boundary of the computational domain is the top panel, the cross
sections at 23 km and 27 km from the proximal boundary of the domain respectively are in
the middle and in the bottom panels of Figure 5.28. The comparison between Figure 5.25
and Figure 5.28 clearly shows that the number of characteristic grain sizes and the inlet
concentration play a significant control on the shape of the deposit. The deposit at the end
of the 2 day-long simulation with 5 characteristic grain sizes and inlet volumetric
concentration of 5% (Figure 5.28) is not tabular. The deposit is localized at the canyon exit
(top panel Figure 5.28) in the proximal part of the basin, and it is characterized by a
relatively uniform thickness in the other two cross sections. Further, the sediment deposited
close to the exit of Canyon II is coarser than the sediment deposited close to the exit of
Canyon I showing a spatial distribution of grain sizes that was not captured in the
simulation with a simplified sediment size distribution. The preferential deposition of
coarse sediment at the exit of Canyon I is also visible in the plots of the volume fraction
content of surface sediment with characteristic grain size equal to 34.6 µm and 60 µm
respectively presented with color scales in the top and bottom panels of Figure 5.30. A
small fraction of fine sediment was found on the surface of the deposit in the areas
characterized by high deposition, while the fraction of coarse surface sediment on the thick
deposit was larger than the fraction in the original sediment mixture.
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The spatial distribution of fine (D = 34.6 µm) and coarse (D = 60 µm) surface
sediment at the end of the simulation with 5 characteristic grain sizes and a small turbidity
current is presented in Figure 5.30, where the color scale represents the volume fraction
content of surface sediment with fine and coarse grain size. As in the case of a large
turbidity current, the coarse surface sediment was found where the deposit was thickets and
the fine sediment was on the surface of the basin floor in the distal area. In this run the
coarse surface sediment was found close to the exit of Canyon I and not of Canyon II
confirming that the magnitude of the turbidity current relative to the basin size might have
played a very important role in the definition of the shape and the grain size characteristics
of the deposit.
5.4. SUMMARY
This study was specifically designed to investigate the effects of turbidity current
magnitude relative to the basin size and sediment size distribution on the sedimentation in
an intraslope minibasin, i.e. Basin IV of the Brazos-Trinity system on the continental slope
of the Gulf of Mexico.
The 3D numerical model with deforming bottom boundary and with a subroutine
able to store the stratigraphy of the deposit presented in Chapter 2 was used in to perform
the simulations. The field scale simulations confirm that the model is able to reasonably
reproduce current characteristics and deposit geometries in linked submarine minibasins.
In particular, the model reproduces the current reflection on the distal flank of the minibasin
and the consequent formation of a ponded current. The main results of the simulations are
summarized as follows:
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-

The deposit emplaced by relatively large currents are thickest in the central
portion of the basin with a sedimentation pattern that resembles what Prather et
al. (2012) call low-relief ponded apron;

-

The deposits emplaced by relatively small currents are thickest on the proximal
flank of the basin, resembling what Prather et al. (2012) called high-relief
ponded apron;

-

The simulations with sediment size distributions specified in terms of 2
characteristic grain sizes show preferential deposition of coarse material in the
areas in which the deposit is thickest;

-

The simulations with a grain size distribution specified in terms of 5
characteristic grain sizes show preferential deposition of coarse sediment where
the deposit it thickest and in correspondence of the canyon exits;

-

The comparison between strike sections of deposits obtained in simulations
with 2 and 5 grain sizes shows that the deposit in the simulations with 2 grain
sizes tends to be thickest where the basin is deepest. On the contrary, in the
simulations with 5 grain sizes the shape of the deposit tends to follow the shape
of the minibasin floor. Further investigation on the causes of the different
sedimentation patterns in the simulations with 2 and 5 characteristic grain sizes
is necessary.
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Table 5.1: 3D model validation - Experimental conditions
Q = 0.30 l/s
Run

Duration [min]

Initial concentration [%]

1

20

2.34

2

20

4.36

3

20

4.89

4

20

5.75

5

20

5.56
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Table 5.2: Characteristics of the numerical runs. The runs are indicated with asterisk refer to the simulations with the unimodal sediment
mixture.
Entrance from the basin
Small

Medium

Large

20-100

20-80

20-100

20-130

20-100

Dg40 *

Flow velocity [m/s]

2.5

2.5

2.5

2.5

2.5

2.5

Flow depth [m]

1.5

3.0

3.0

3.0

6.0

6.0

15,000

30,000

30,000

30,000

100,000

100,000

Sediment
characteristics

20 µm - 100 µm

20 µm - 80 µm

20 µm - 100 µm

20 µm - 130 µm

20 µm -100 µm

Dg = 40 µm

Sediment total
concentration

2%

2%

2%

2%

2%

5%

Discharge [m3/s]
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Entrance from the canyon
Small

Medium

Large

20-100

20-80

20-100

20-130

20-100

Dg40 *

Flow velocity [m/s]

2.5

2.5

2.5

2.5

2.5

2.5

Flow depth [m]

1.0

2.0

2.0

2.0

4.0

4.0

Discharge [m3/s]

500

1,000

1,000

1,000

2,000

2,000

Sediment
characteristics

20 µm - 100 µm

20 µm - 80 µm

20 µm - 100 µm

20 µm - 130 µm

20 µm - 100 µm

Dg = 40 µm

Sediment total
concentration

2%

2%

2%

2%

2%

5%
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Figure 5.1: Three-dimensional experimental setup of minibasins (University of Illinois,
Urbana-Champaign, courtesy Enrica Viparelli)

Figure 5.2: Initial bed for the 3D model validation at laboratory scale (courtesy Shell
Exploration)
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Figure 5.3: Sediment grain size distributions used for the experiments and the numerical
simulations (courtesy Shell Exploration)
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Simulation

RUN 3

RUN 2

RUN 1

Experiment

107

RUN 4
RUN 5
Figure 5.4: Comparison of the shape of the bed deposit at the end of each run between
laboratory data (left panel) and simulations (right panel). The dashed lines are located at x
= 2.87 m and 3.31 m. (courtesy Shell Exploration)
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Figure 5.5: Bed elevation profiles after two cross sections located at x = 2.87 m and x =
3.31 m, respectively upstream and downstream of the deepest point of the basin. Bed
elevation is shown at the end of each run.
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Sediment Fraction

Run 3

Run 2

Run 1

Total Concentration

110

Run 4
Run 5
Figure 5.6: Vertical profile of the total sediment concentration (left panel) and the sediment
fraction of each grain size of the mixture (right panel), at siphon 1. The profiles of the
fractions are plotted at different locations in the vertical direction (zi, which correspond
with the points of the total concentration vertical profile) (courtesy Shell Exploration)
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Sediment Fraction

Run 3

Run 2

Run 1

Total Concentration

112

Run 4
Run 5
Figure 5.7: Vertical profile of the total sediment concentration (left panel) and the sediment
fraction of each grain size of the mixture (right panel), at siphon 2. The profiles of the
fractions are plotted at different locations in the vertical direction (zi, which correspond
with the points of the total concentration vertical profile) (courtesy Shell Exploration)
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Sediment Fraction

Run 3

Run 2

Run 1

Total Concentration
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Run 4
Run 5
Figure 5.8: Vertical profile of the total sediment concentration (left panel) and the sediment
fraction of each grain size of the mixture (right panel), at siphon 3. The profiles of the
fractions are plotted at different locations in the vertical direction (zi, which correspond
with the points of the total concentration vertical profile) (courtesy Shell Exploration)
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Figure 5.9: Minibasins system on the continental slope in the Gulf of Mexico (modified
Prather et al., 2012)

Figure 5.10: Initial bathymetry of the study area
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Figure 5.11: Inflow conditions of the turbidity current at the enter cross section (entrance
from the canyon and entrance from the basin). The dashed lines show the current thickness
at the entrance for the different conditions investigated (Small, Medium, and Large)

Figure 5.12: Grain size distribution of the turbidity current with unimodal grain size
distribution with five characteristic grain sizes (Dg = 40 µm)
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16 hours

118

Entrance from the canyon

Entrance from the basin

8 hours

Figure 5.13: Near bed velocity (at 2.5 m from the bed) for the case of large current with bimodal grain size distribution (20-100 µm).
The top panels represent the case in which the current enters from the basin, while in the bottom panels the current enters the domain
from the canyon. On the left panels are the velocities profiles after 8 hours of simulated flow, while on the right is after 16 hours.
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Figure 5.14: Densimetric Froude number after 2 days, for the case of large current from the
minibasin (top) and from the canyon (bottom)
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Figure 5.15: Total bed change after 8, 16, 24 and 48 hours for the case of a large current
entering from the basin (20-100 µm)
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Figure 5.16: Total bed change after 8, 16, 24 and 48 hours for the case of a large current
entering from the canyon (20-100 µm)
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Figure 5.17: Deposit thickness after 2 days of the medium current entering from the basin;
for fine (20-80 μm – top), medium (20-100 μm – middle) and coarse (20-130 μm – bottom)
grain size distribution
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Figure 5.18: Total bed change after 2 days of the medium current entering from the basin;
for fine grain (20-80 μm – top), medium (20-100 μm – middle) and coarse (20-130 μm –
bottom) size distribution
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Figure 5.19: Volume fraction content of the coarse grain size (initial fraction: 0.5) after 2
days for the medium current entering from the basin; for fine (20-80 μm – top), medium
(20-100 μm – middle) and coarse (20-130 μm – bottom) grain size distribution

126

Figure 5.20: Volume fraction content of the coarse grain size (initial fraction: 0.5) after 2
days for the medium current entering from the canyon; for fine (20-80 μm – top), medium
(20-100 μm – middle) and coarse (20-130 μm – bottom) grain size distribution
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Figure 5.21: Total bed change after 2 days of a current entering from the basin with bimodal
sediment distribution (20-100 μm); of a small (top), medium (middle) and large (bottom)
current
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Figure 5.22: Total bed change after 2 days of a current entering from the canyon with
bimodal distribution (20-100 μm); with small (top), medium (middle) and large (bottom)
current
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Figure 5.23: Volume fraction content of the coarse grain size (initial fraction: 0.5) after 2
days of a simulated current entering from the basin with bimodal distribution (20-100 μm);
with small (top), medium (middle) and large (bottom) current
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Figure 5.24: Volume fraction content of the coarse grain size (initial fraction: 0.5) after 2
days of a current entering from the canyon with bimodal distribution (20-100 μm); with
small (top), medium (middle) and large (bottom) current
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Figure 5.25: Volume fraction content of the coarse grain size (initial fraction: 0.5) after 2
days of a large current entering from the basin with bimodal distribution (20-100 μm), at
different cross section as highlighted in Figure 5.21 (bottom panel)
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Figure 5.26: Deposit thickness after two days of simulated flow, for the case of small (a)
and a large (b) current characterized by sediment mixture, entering from the basin
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Figure 5.27: Sediment median diameter of the deposit after two days of simulated flow for
the case of a small (a) and a large (b) current characterized by sediment mixture, entering
from the basin
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Figure 5.28: Median diameter (D50) after 2 days of a large current entering from the basin
a grain size distribution characterized by D50 = 41.2 µm, at different cross section as
highlighted in Figure 5.10
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Figure 5.29: Fraction of D2 (34.6 μm) and D4 (60 μm) on the deposit, after two days for
the case of large current characterized by sediment mixture, entering from the basin
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Figure 5.30: Fraction of D2 (34.6 μm) and D4 (60 μm) on the deposit, after two days for
the case of small current characterized by sediment mixture, entering from the basin
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CHAPTER 6
SUMMARY AND CONCLUSIONS

6.

ESY

Submarine minibasins are seafloor morphological features with a nearly elliptical
shape that are prime targets for hydrocarbon exploration. Sedimentation in submarine
minibasins driven by turbidity currents and other types of submarine flows has been studied
with the collection and analysis of field data, laboratory experiments and numerical models.
These studies notwithstanding questions regarding how the characteristics of minibasin
deposits emplaced by turbidity currents depend on the magnitude of the turbidity current
relative to the minibasin size, the minibasin geometry and the grain size characteristics of
the transported sediment remain largely unanswered. The study presented in this
dissertation was designed to answer these questions with the aid of a numerical model.
The numerical model used herein, TC-SOLVER, is a three dimensional in-house
developed code of turbidity current morphodynamics with a deforming bottom boundary
that solves the Reynolds Averaged Navier-Stokes equations with different turbulence
models. A k-ε turbulence model has been used in the simulations presented in Chapters 25 of this dissertation.
For this study TC-SOLVER has been modified with the implementation of 1) a
procedure to store and access the grain size stratigraphy of the deposit, and 2) a procedure
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to reduce the computational cost of the morphodynamic simulations. The implementation
of the procedure to store and access the grain size stratigraphy of the deposit consists in the
definition of a storage grid, as illustrated in Chapter 2. The reduction of the computational
cost of the morphodynamic calculation is performed using a Morphological Acceleration
Factor (MORFAC) that amplifies the morphodynamic time step compared to the time step
controlling the hydraulic calculations, as illustrated in Chapters 3.
The modified TC-SOLVER is first validated against 2D and 3D laboratory
experiments on 1) turbidity currents flowing over a break in slope (2D), 2) turbidity
currents in a 2D model submarine minibasin, and 3) turbidity currents in a 3D model
submarine minibasin. The main differences between the 2D and 3D model minibasin
relevant for this study is that in the 3D case the minibasin width changed in the flow
direction and thus the current was allowed to expand laterally.
The validated model is then used to determine if the morphological acceleration
factor, commonly used in studies of tidal morphodynamics can be reasonably applied to
study sedimentation processes driven by turbidity currents, and to perform 2D and 3D field
scale simulations on sedimentation in intraslope minibasins using the present seafloor
bathymetry of the Gulf of Mexico in the area of the Brazos-Trinity system.
The study on the application of the Morphological Acceleration Factor (MORFAC)
to study turbidity current morphodynamics is performed in two phases. The model is first
applied at laboratory scale to simulate the case of a turbidity current flowing over a break
in slope and the results are compared against measured data of changes in bed elevation
and suspended sediment concentration. The model is then applied to simulate field scale
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simplified geometries to investigate if the results of the laboratory simulations can be used
for large scale morphodynamic studies.
The simulations are performed with values of MORFAC equal to 2, 5 and 10.
Further, noting that the passage of a turbidity current front may result in significant
morphodynamic changes, MORFAC is applied in two different ways: 1) MORFAC is
applied from the beginning of the simulations, i.e. the time step for the morphodynamic
calculations is always multiplied by MORFAC, or 2) MORFAC is applied to model the
morphodynamics of the turbidity current body, i.e. the morphodynamic time step is equal
to the hydraulic time step when the turbidity current front is in the model domain, and it is
larger than the hydraulic time step when the turbidity current body occupies the entire
computational domain.
The simulations presented in Chapter 3 of this dissertation show that the agreement
between laboratory experiments and morphodynamic simulations performed with
MORFAC is reasonable when the acceleration factor is applied at the beginning of the
simulations. On the contrary, the comparison between numerical results performed with
and without MORFAC at field scales in simplified settings reveals that the acceleration
factor should be applied to simulate the morphodynamics of the turbidity current body only.
In other words, the results presented in Chapter 3 show that at field scales MORFAC should
only be applied after the passage of the turbidity current front. Finally, the simulations
presented herein show that for the case of turbidity current morphodynamics values of
MORFAC greater than 5 should only be used with great care at laboratory and field scales.
Two-dimensional simulations are performed on a dip section from Basin II to Basin
IV of the present seafloor of the Trinity-Brazos system in the Gulf of Mexico. The objective
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of these simulations is to study the characteristics of the turbidity current flow and of the
emplaced deposit in terms of deposit thickness and spatial distribution of the sediment
sizes. To study the effects of the sediment size characteristics of the deposit simulations
are performed with uniform and non-uniform sediment sizes and different characteristic
diameters.
The numerical results presented in Chapter 4 of this dissertation show that TCSOLVER is able to capture the spatial and temporal evolution of the turbidity current as it
enters the minibasin, reflects on the downstream flank creating an upstream migrating bore
which eventually stabilizes. Downstream of the bore a sharp interface separates the
turbidity current from the clear water above, as observed in laboratory experiments. In the
cases of relatively large turbidity current relative to the size of the proximal basin (Basin
II), or after significant deposition in the proximal basin, the current spills in the canyon
connecting the two minibasin and reaches the distal basin (Basin IV).
In the simulations with uniform sediment the turbidity current spilling from Basin
II to Basin IV is very small compared to the turbidity current released in Basin II. A
comparison between the different conditions shows that the spilling current it is smallest
in the simulations with relatively coarse sediment.
In the simulations with non-uniform sediment the turbidity current spilling from
Basin II to Basin IV is generally larger than in the simulations with uniform material. In
these simulations, relatively coarse sediment is trapped in Bain II and the fine sediment is
transported further downslope by the spilling current and it reaches Basin IV.
Sedimentation in Basin II in the case of relatively fine sediment mostly occurs in
the central part of the basin below the spill point. In the case of very fine sediment
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(characteristic grain size of ~20 µm) the deposit thickness is nearly uniform in space. As
the characteristic sediment size increases to 40 µm the majority of the deposit is still located
at elevations that are smaller than the elevation of the spill point. In the case of uniform
material, the deposit is nearly tabular and can be interpreted as what Prather et al. (2012)
call low relief ponded apron. In the case of non-uniform sediment with geometric mean
size of 40 µm, significant deposition occurs on the proximal flank of the basin at elevations
that are lower than the elevation of the spill point. This depositional pattern may correspond
to what Prather et al. (2012) call a high relief ponded apron.
As the characteristic sediment size increases up to ~80 µm, preferential deposition
occurs on the proximal flank of Basin II at elevations that are higher than the elevation of
the spill point. Interestingly, the deposits of the simulations with characteristic grain size
equal to ~60 µm are characterized by sediment waves that resemble cyclic steps observed
in laboratory experiments and in field data collected in submarine settings.
The spatial distribution of grain sizes in the emplaced deposits confirms that TCSOLVER is able to capture some of the features of the minibasin deposits observed in the
field, i.e. the Basin II deposit is generally coarser than the inlet sediment. In the simulation
with characteristic grain size of 40 µm a pattern of downstream coarsening characterizes
the deposit on the entrance flank and the deposit fines in the dip direction in the central part
of the basin. A clear pattern of downstream fining characterizes the deposit in the
simulations with relatively coarse material (60 µm and 80 µm), clearly showing
preferential deposition of coarse sediment on the proximal flank.
These results show that the different flow characteristics between the runs with
relatively fine and relatively coarse sediment, which resulted in the presence of a significant
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reflection bore in the case of fine sediment, control the deposition pattern in intraslope
minibasins.
Three-dimensional turbidity current simulations have been performed for the area
of the Brazos-Trinity system that extends from Basin II to Basin III and Basin IV. A canyon
connects Basin II and Basin III to the upstream part of the system, which is not modeled in
this study. Overspill canyons connect Basin II and Basin III to Basin IV.
The objectives of this study are the investigation of the three dimensional effects of
turbidity current magnitude relative to basin size, inlet conditions and sediment size
distribution on the characteristics of turbidity current deposits emplaced in intraslope
minibasins. Thus, different turbidity current magnitudes, sediment sizes and inlet
geometries are considered to study the depositional pattern in Basin IV, i.e. the distal basin
of the Trinity-Brazos system.
The main results of this numerical study is that turbidity current magnitude relative
to the basin size play a significant control on the depositional pattern in intraslope
minibasins. In the case of relatively small turbidity currents preferential deposition occurs
on the proximal flank of the minibasin. In the case of relatively large turbidity currents
relative to the basin size, preferential deposition occurs in the central and deep part of the
basin.
Noting that in Basin IV the deposition occurs at elevations that are lower than the
elevation of the spill point, and thus the deposits may be interpreted as ponded aprons
(sensu Prather et al., 2012), this result suggests that relatively small turbidity currents
relative to the basin size may tend to emplaced high relief ponded aprons, while large,
strong currents may be responsible for the emplacement of low relief ponded aprons.
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The analysis of the numerical results on the characteristics of the turbidity current
flow reveals that the characteristics of the turbidity current reflection on the distal basin
flank changes with the turbidity current magnitude and inlet condition. Further
investigation on the characteristics of the pre- and post-reflection turbidity current
hydrodynamics is necessary to link the flow characteristics to the observed depositional
patterns.
In all the simulations, the grain size distribution of the emplaced deposit is coarsest
where the deposit is thickest. The comparison between numerical results performed with a
sediment size distribution specified in terms of 2 or 5 characteristic grain sizes and inlet
volumetric concentrations of suspended sediment equal to 2% (2 characteristic grain sizes)
and 5% (5 characteristic grain sizes) reveals different depositional patterns. The deposit of
the simulation with 2 characteristic grain sizes is thickest where the initial minibasin
bathymetry is deepest resulting in a nearly tabular deposit. On the contrary, in the
simulations with 5 characteristic grain sizes the emplaced deposit has nearly uniform
thickness with coarse material preferentially deposited downdip of the canyon exit(s).
Further analysis of the flow hydrodynamics is necessary to explain this result and to use it
to interpret the characteristics of minibasin deposits in the field.
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